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General motivation: 
There is an ever increasing interest in the synthesis and application of semiconducting 
materials due to their size-dependent optical properties (nanometric range). Multiple 
applications have radically emerged over the last few years including in the areas of 
biomedicine, solar cells or electronics. Among the semiconducting materials known, 
nanosized ZnO is a good candidate for these applications as it is a relatively inexpensive 
and environmentally friendly material. 
Physical and chemical methods allow for the production of ZnO nanostructures. For some 
applications ZnO nanoparticles (NPs) are required as colloidal solutions and chemical 
methods are advantageous. In our research group, a chemical method based on the 
decomposition of organometallic precursors in the presence of a stabilizing agent has 
been developed. Good control with respect to the average size and the size distribution is 
achieved. However, this strategy presents as a main drawback the production of ZnO NPs 
that are only dispersible in non polar solvents. Application for cosmetics or in the field of 
biomedicine is impeded as a result.  
The motivation for this Thesis has been to bring about synthetic modification of the 
organometallic strategy in order to achieve ZnO NPs dispersible in water: either 
modification of the as-synthesized particles or changes to the synthetic procedure are 
mandatory. Those strategies would eventually allow the study of the optical properties of 
ZnO NPs in different solvents. This dissertation is structured as follows:  
- The Introduction chapter will illustrate the synthetic procedures and applications 
of nanoparticles, with emphasis on those in which ZnO NPs are involved. Post-
synthetic modifications will be introduced as potentially applicable procedures for 
the dispersion of ZnO NPs in water. 
- In the Experimental Section the synthetic procedures employed during this work 
will be summarized. In addition, the principles of each of the used characterization 
techniques will briefly be discussed. 
- Chapter I will be devoted to the transfer of ZnO NPs from an organic solvent to 
water by addition of a surfactant molecule. The stability of the aqueous colloidal 
solutions in addition to the mechanism that drives the dispersion in water will be 
discussed. 
- Chapters II and III will deal with modifications made to the organometallic 
methodology in order to obtain multi-solvent dispersible ZnO NPs. The optical 
properties of these systems will be presented in both protic and non protic 
solvents without any post-synthesis modification. Control of the particle 
morphology or the space organization by tuning of the reaction conditions will be 
demonstrated. 
- Chapter IV will highlight a generalization of the modified organometallic procedure 
to include the synthesis of metallic and other metal oxide nanoparticles. 
- The last section of this manuscript will consist of the General Conclusions linked 
to the results described herein. 
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Introduction: 
This chapter consists of a bibliographic overview of the subject of controlling the solubility 
of nanoparticles (NPs to facilitate the understanding of the key concepts. The structure 
will be as follows:  
I)    Nanotechnology: synthesis and applications of ZnO nanoparticles. 
II) Colloidal solutions. 
III) Nanoparticles: from organic solvents to water. 
I. Nanotechnology 
During this section concepts related to the work of this Thesis are introduced. 
I.1 Nanotechnology as multidisciplinary field 
Nanotechnology is the study, elaboration and utilization of objects in a length range of 
nanometers. The etymology of the word nanometer comes for the Greek nanos, "dwarf" 
and metrοn, "unit of measurement". It is a subunit of length in the metric system equal to 
one billionth of a meter (i.e. 10-9 m or one millionth of a millimeter). To give an idea of 
how small this unit is it can be taken as reference that one nanometer is as small as ten 
atoms of hydrogen put in a row; which is a length much smaller than a bacteria or an 
animal cell.  To be considered as nano-object at least one of the dimensions must be 
below 100 nm. Structures such as thin films (2D), wires (1D) and spherical particles (0) 
are included in this classification. However, this work is restricted to inorganic 
nanoparticles; with all dimensions ≤ 50 nm. 
These objects have attracted a lot of attention within the last years due to confluence of 
interest of different fields of science. Figure I.1 illustrates some of the interrelated points 
of view that confer nanotechnology a highly multidisciplinary nature. 
Coordination chemistry focuses its attention on the synthesis and reactivity of systems in 
which the exact composition and position of each atom is known. Single molecules, 
complexes or clusters are studied. A cluster can be defined as an ensemble of bounded 
atoms intermediate in size between a molecule and the bulk. These objects are included 
in our definition of a nano-object. Nanoparticle surface chemistry and reactivity may be 
explained appealing to the principles of coordination chemistry. 
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Figure I.1: Nanotechnology as multidisciplinary field. 
The interest of solid state chemistry is the study of bulk materials and their physical 
properties (conductivity, melting point, color, etc). These properties are the result of the 
participation of a high number of bonded atoms. Most of these atoms share a similar 
environment that repeats with some periodicity according to their crystal lattice. As the 
size of the object becomes smaller (in the nanometer range) the properties change 
compared to the bulk, such modifications are studied.  
Physical chemistry is the explanation of macroscopic, microscopic, atomic, subatomic, 
and particulate phenomena in chemical systems in terms of physical concepts. 
Principles, practices and concepts of physics like thermodynamics, quantum chemistry, 
statistical mechanics and dynamics are applied. Matter is represented by electronic 
levels or states of a known energy. These concepts can be applied to understand the 
properties of nano-sized objects. 
Other disciplines such as biology, medicine or electronics have been involved in the 
investigation of the application of nanoparticles (NPs). 
I.2 Why properties change with size? 
When the average size of a given object is reduced the specific surface increases as long, 
as the morphology is unchanged. For example, considering a material with hexagonal 
packing crystalline structure and an average size ranging from 2-3 nm, two thirds of the 
atoms are at the surface. Therefore, the number of atoms with a non complete 
coordination (surface atoms), is higher compared to the massive material. In addition, an 
increase in the number of defects (due to distortions in the lattice) is produced. These 
effects provoke changes on the macroscopic properties comparing the bulk compared to 
the nanoscopic material. For example copper becomes plastic1 or carbon becomes 
harder than steel2 when they are nanosized. 
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Properties changes can be explained based on the electronic description of materials. 
Molecules are described as single quantified energy levels according to the principles of 
quantum mechanics (Figure I.2). The electronic structure of the bulk material is built by 
energetically close single levels leading to bands, the levels are no longer quantified and 
the electrons move freely within the band (Figure I.2). The description of NPs is 
considered as an intermediate between molecules and the massive. When size is 
decreased, the electronic model is rather single levels leading to limitations on the 
electron movement in the solid, confinement effect or quantum confinement. For 
nanocrystals the physical phenomena that manifest themselves is quantum confinement. 
When a semiconducting crystal, such as CdSe, is reduced in size to the point where the 
electron wave functions begin to be squeezed into a region smaller that their 
characteristic Bohr radius, their allowed eigen energies are increased relative to those of 
the bulk.3 The optical behavior of semiconducting NPs depends on band-gap distance. As 
result, the optical properties of NPs can be controlled by tuning particle size. Figure I.2 
shows the changes in the electronic description from a single atom to a semiconducting 
bulk material. 
 
Figure I.2: Physico-chemical description of matter. 
In the case of metallic NPs, quantum confinement leads to confinement of waves at the 
particle surface; resonance of surface electrons (Plasmon, especially intense in the case 
of the Au NPs and Ag NPs). This resonance leads to special light-matter behavior; an 
enhancement of the optical properties for metallic NPs especially.  
These mentioned effects for nanometric scaled materials has brought revolutionary 
applications including in electronics4, optics5, catalysis6 or in biomedicine.7-8 During this 
work, the main material studied is zinc oxide (ZnO) which is a semiconductor material. 
The following section describes the characteristics and applications of ZnO. 
Energy
Number of atoms
Atom Molecule Nanoparticle Bulk
Conduction 
band
Band-gap
Valence 
band
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I.3 Properties of ZnO 
This section will be devoted to Zinc Oxide, the model nanoparticle system chosen for this 
work due to the easy detection of this material by UV spectroscopy. An overview of the 
physical properties, potential applications and the different synthetic methodologies used 
to obtain ZnO NPs will be presented. 
I.3.1 Crystalline structure 
Physical and chemical properties of a given material are derived from its crystalline 
structure. ZnO can be found in three different crystalline structures: 1) Rocksalt: cubic 
with symmetry m3m 2) Blende: cubic with symmetry 43m 3) Wurtzite: hexagonal phase 
that belongs to the symmetry class 6mm. Among them Wurtzite (also called Zincite) is the 
most abundant, consisting of packing of –Zn-O-Zn-O- films according to a hexagonal 
system (Figure I.3.1) 
 
Figure I.3.1: Hexagonal compact Wurtzite type structure. 
Every unit cell of the Zincite structure contains two Zn atoms in a non symmetric 
environment. The symmetry characteristics give rise to optical anisotropy and 
piezoelectric properties. The crystalline arrangement also explains the chemical reactivity 
towards ions or molecules. The volume occupied by the atoms in the lattice (Zinc and 
Oxygen) is only 40% leaving free empty spaces around 2.85 Å3. Such space can be 
occupied by extra ions (Co2+, Mn2+, Tb3+or In3+)9-13 when they are introduced in the 
synthetic medium. These doping reactions are tools to tune the conducting and optical 
properties. For example the introduction of Al ions into the ZnO lattice allows the 
observation of a plasmon band. The conducting behavior has changed from 
semiconducting (un-doped material) to conducting metallic behavior (doped).14 In the 
native state the crystalline structure of ZnO is wurtzite. 
I.3.2 ZnO electronic structure and electric properties 
The semi-conducting properties of ZnO have been known since 1950 as a result of 
studies performed by Wagner.15 As a semiconducting material, ZnO presents a wide 
energetic gap between the valence band (occupied) and the conduction band (empty). 
The band gap is considered equal to 3.35 eV at ambient temperature.16 The description 
(by bands theory) of ZnO has been extensively studied and can be found in many 
publications.17-23 Electron promotion from the valence band to the conduction ensures 
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electric conductivity. Depending on the purity of crystalline ZnO, the band-gap energy can 
vary. Similarly to other semi-conducting materials from groups II/VI, the energy of the 
forbidden band and the electronic structure depend on the size of the monocrystalline 
domains in the material. At nanometric scale, the bands theory provides a potential 
increasing of the length of the gap until the presence of discrete electronic levels. The 
description becomes more like that presented for molecules. The levels are represented 
as orbital occupied (HOMO) or empty (LUMO) (Figure I.3.2.1) due to quantum 
confinement.24-26 The gap distance has a huge effect on the optical properties of NPs. 
 
Figure I.3.2.1: Band-gap variations for semiconducting nanoparticles. 
In contrast to that observed for conducting materials, the resistivity of a semi-conductor 
decrease with increasing temperature. These electric properties are related to the 
thermal energy that increase the number of charge carriers. Related to this, ZnO is 
considered as an intrinsic semiconductor: the thermal energy is enough to excite the 
electron towards the conducting band. In addition, the conductivity changes with the 
composition of the environmental atmosphere. An ideal ZnO perfect crystal presents a 
minimal gap of 3.37 eV. The regular applied techniques of zinc oxide fabrication, provides 
conductivity classified as n type, generally associated to an excess of zinc in the crystal.27 
The conductivity properties are improved by doping techniques, either by substitution or 
interstitial doping.27-28 The study of the diffusion of the charge carriers by changing the 
nature of the impurities has extensively been reported. However, is a subject of 
research.29 
ZnO presents an Ohmic behavior. However, depending on the surface state (another 
material coating the ZnO grains) transition between the insulating state and the 
conducting state can be observed by applying a tension; non-Ohmic behavior (Figure 
I.3.2.2). Therefore, zinc oxide can be a varistor electronic component. 
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Figure I.3.2I.3.2.2: Non-Ohmic behavior of coated Zinc Oxide. 
For example, a varistor can be presented like a disk shape formed by ZnO grains that are 
agglomerated. Each grain is isolated from the next by a Bi2O3 coating; grain separation is 
responsible for the varistance effect.30 The potential energy barrier between grains next 
to each other produces the scavenger of free charges. The higher the numbers of coated 
grains the slower the electrons are able to move. 
ZnO presents piezo-electric properties that can be used in the field of thermomechanics. 
These materials are able to generate an electric tension after application of a mechanical 
perturbation and viceversa. The piezoelectric effect is effectively used when the 
orientation of the c-axis is perpendicular to the substrate as was demonstrated by Song 
et al.31 Mechanical energy is converted into electricity when ZnO wires are bent under the 
action of an AFM tip.31  
I.3.3 Band-gap and ZnO optical properties 
The width of the band-gap can be measured by many means. For example by optical 
absorption where promotion of an electron from the valence band to the conduction band 
is only produced using light with enough energy. As a result, observation of an absorption 
directly related to the distance band-gap is expected. 
A semi-conducting material is excited by light; the valence electrons have energy to jump 
to the conduction level (LUMO-HOMO transition; hν = Eg). When the electrons go down to 
a lower energy level an emission of photons is produced. The photoluminescence is the 
return to the equilibrium state of a material previously excited by light. The absorption of 
photons with higher or equal energy from that of the material gap energy provokes the 
promotion of electrons to the conduction band. A couple electron/hole is then created in 
which the cohesion is ensured by electrostatic attraction. From a quantum mechanics 
perspective, the couple corresponds to an entity called exciton. An exciton is a bound 
state of an electron and an imaginary particle called an electron hole in a semiconductor, 
such is called a Coulomb-correlated electron-hole pair. The exciton can be free or linked 
to an ionic or neutral impurity of the crystal, either donor or acceptor. The nature of the 
impurity can be diverse such as atom vacancies or defects in the crystalline lattice. The 
electronic level depends on the environment of the exciton. Some potential electronic 
recombination of the exciton couple are illustrated in Figure I.3.3.3. 
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Figure I.3.3.3: Couple electron-hole exciton states. 
In the case of a direct band-gap semiconductor, the energy of photons that produce the 
excitation is directly related to the length of the band-gap. The modulation of the band-
gap is very important for opto-electronic applications. Modifications on nanoparticle size 
suppose changes in the band- gap distance and therefore the energy of the emitted light 
can be tuned. Smaller particles show an emission displaced to higher energies compared 
to the bulk.32-35 
Different, recently published works have shown that variation in the size of ZnO and the 
presence of defects produce changes in the diffusion RAMAN spectra and the 
photoluminescent properties.36-41 Some examples have shown an amelioration of the 
efficiency of the optical properties changing the synthetic procedure.42-45 For example, 
when the nanoparticle size decreases the number of surface oxygen atoms is increased 
which related to green emission properties.46 The spectroscopic properties give important 
information about the structural properties of a semi-conducting material such as the 
kind of defects presented in the lattice. However, there is a lot of controversy surrounding 
the nature of the defects that bring different optical behavior.47-49 
I.4 Applications of ZnO NPs 
Sensing: In the presence of a reductive gas (CO, hydrocarbons, H2 etc) the electric 
conductivity of ZnO is increased while in an oxidative medium the electric conductivity is 
decreased. The quality of this response (reproducibility and stability) depends on the 
morphology and surface state (molecules adsorbed at material surface). No studies with 
ZnO NPs have been performed so far. However, zinc oxide thin films have been reported 
for the detection of NO250 and CO.51 
Solar cells: are devices that convert light directly into electricity. These devices are 
intended specifically to capture energy from sunlight (this phenomenon is called the 
photovoltaic effect). The deposition of various of different semiconducting nanoparticles 
Free exciton level
Conduction band
Valence band
Exciton linked to an acceptor levelAcceptor level
Donor level
Exciton linked to a donor level
Donor / Acceptor
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(including ZnO due to its large band gap) could improve the yield of photovoltaic devices 
by absorbing a larger range of energies.52 
UV protection: Due to its ability to absorb UV light, zinc oxide has been one candidate for 
the formulation of solar protection creams.53 Metal oxide microparticles are currently 
present in recipes that are industrially exploited. The actual applications of ZnO 
nanoparticles are hold to some prerequisites such us good absorption properties and 
transparency (both related to the grain size). However, their toxicology is still under 
discussion.54-56 
Biology: due to their visible light emission semiconductor such as CdSe and CdTe 
quantum dots, are currently used in imaging or photodynamic therapy. However, during 
light irradiation of these particles migration of Cd ions though stabilizing agent coating 
defects is produced. Cadmium is intrinsically toxic inside cells.57 Various protections 
employing ZnS, polymers or other non toxic shells have been developed to avoid this 
problem.58 ZnO is a less expensive and environmentally friendly semiconductor; hence 
ZnO is a good alternative. ZnO has already been applied for in vitro imaging.59 However 
the use of ZnO for in vivo applications is quite unrealistic. The excitation wavelength of 
ZnO is located in the same range of absorption of cells. 
Optics: The bound electron and hole pairs (excitons) provide a means to transport energy 
without transporting net charge. For ZnO, the exciton binding energy is expected to be 
equal to 59 meV at ambient temperature while the distance between levels for pure 
electronic transition is 3.35 eV, which is a large value. Therefore short-wavelength optical 
devices such as lasers operating at ambient temperature based on Zinc Oxide are 
expected.5 For most semiconductors the lasing driving force is electron–hole plasma. 
Alternatively, by contribution of confinement effects, the excitonic processes can result in 
lasing at lower threshold. 
I.5 Synthesis of ZnO nanostructures 
The degree of accuracy with respect to the control of the size and morphology of ZnO 
nanostructures has experienced an obvious improvement the last years. Examples of 
diverse morphologies including nanorods,60 nanowires,61 nanotubes,62 nanorings63 or 
tetrapods64 have been recently reported. Figure I.5 shows images of some of these 
structures resulting from various synthetic procedures. 
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Figure I.5: a) FE-SEM image of three dimensional arrays of ZnO nanorods grown by a 
chemical aqueous method. b) SEM image of large-scale dense arrays of well-aligned 
ZnO nanotubes grown on a ZnO-film-coated glass substrate by radio frequency 
magnetron-sputtering technique. c) SEM image of ZnO nanohelixes via thermal 
evaporation. 
63
 
Although there are clear differences between each synthetic approach they can be 
classified in two different categories attending to their basic philosophy.  
Top-Down approach:  the starting material is one massive material that is exposed to 
physical methods to get smaller sizes. Usually, physical transformations bring large size 
dispersion. 
Bottom-Up approach: The characteristic is the utilization of molecules as raw materials 
that will be chemically assembled to form the particles. 
Physical procedures lead to objects in which the surface is naked. In contrast chemical 
methods yield materials in general coated by organic molecules. Some of the most 
representative examples are discussed next. 
I.5.1 Top-down methodologies 
This strategy provides advantages such as production of complex geometries or the use 
of templates in order to control the position of the objects in a given substrate. In 
addition, colloidal nanoparticle solutions could be processed as raw materials and grow 
desired objects such as thin films. Physical methods present as a drawback harsh 
conditions (need of pressure or heating to high temperature). These reactions are 
economically expensive and their set up is often complicated. 
Evaporation/condensation/oxidation and hydrothermal methods are discussed. 
I.5.1.1 Evaporation/condensation/oxidation 
Nanohexagones of ZnO crystallized in the Wurtzite phase were prepared by physical 
processes such as evaporation/condensation/oxidation.65 The starting material is 
powdered ZnS (zinc sulphide). This precursor is either reduced by action of hydrogen at 
1300 °C or heated until vaporization of the metal (Znbp = 911 °C). The zinc vapors are 
generated and then transported to cooler areas by an Ar/H2 flow. The zinc is deposited 
due to temperature decrease (Znmp = 419.6 °C) on a substrate under the shape of liquid 
droplets. Finally the metal is oxidized to ZnO under an oxygen flow. The growing 
a) b) c) 
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mechanism of these objects is called Vapor-Liquid-Solid. The growth is controlled by the 
volume of the liquid droplet.66 The vapor deposition is probably the method that was most 
used for the synthesis of structures with one dimension in the range of nanometers.66-68 
Other morphologies and other materials have been synthesized by this route; Zn metallic 
and ZnO nanodisks69-70 or ZnO needles.71 
I.5.1.2 Hydrothermal, solvothermal methods  
Among the developed techniques for the synthesis of metal oxide particles, some 
examples use high temperatures (above 500 ° C), pressures greater than atmospheric or 
combination of both variables. These synthesis methods often lead to the formation of 
micron-sized objects and can produce special shapes such as rods, ribbons, flowers, 
etc.72-79 
The principle is based on the heating of a sealed vessel (bomb, autoclave, etc.) that allow 
working at temperatures well above the boiling points of the solvents. Performing a 
reaction under such conditions is referred to as “solvothermal” processing; if the solvent 
is water it is known as “hydrothermal”. Under certain heating and pressure conditions 
fluids presents a behavior of both a liquid and a gas. At the interphases of solids and 
fluids under such conditions there is a lack of surface tension. In addition, fluids show low 
viscosity enabling the dissolution of bulk materials that otherwise show very low solubility 
at ambient temperature. 
I.5.1.3 Mechanosynthesis 
The mechanosynthesis is a dry high-energy ball-milling process most often used to obtain 
materials with non-equilibrium structures.80-81 The starting compounds to be mixed are 
introduced in the required proportion in a vial together with balls usually made of 
hardened steel. The vial is vigorously shaken which induces collisions between balls or 
between the vial and the balls with a frequency of hundreds of Hz. The repeated 
fracturing and rewelding process of particles trapped during collisions causes permanent 
matter exchange between particles. Chemical reactions between ground reactants at 
temperature as and rates at which they should normally not occur are observed. In 
comparison to other classic chemistry techniques, in mechanosynthesis, the energy given 
to particles to enable the reaction is transmitted by the milling balls and is very rapidly 
dissipated. Therefore, atoms do not have the energy to diffuse along important distances 
like in samples sintered at high temperature, and many thermodynamically unstable 
defects are susceptible to remain in the final product. 
For example, the effectiveness of high-energy ball milling technique to promote 
mechanosynthesis of nanostructured ferrites by mechanical activation of a manganese 
(II) oxide and hematite (γ-Fe2O3) powder mixture has been demonstrated.82 Other ZnO 
derived materials has been prepared following a similar principle, Mn-doped ZnO.80 
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I.5.2 Bottom-up methodologies 
The main advantages related to this approach are the production of colloidal solutions 
(the application of these systems will be later discussed) and the potential scale up to 
industrial level. The reaction set up is normally simple, less expensive comparatively to 
the top-down approach and the average size as well as the morphology could be 
controlled by tuning the reaction conditions. For the realization of this work the bottom-up 
methodology has been employed. 
Among all the variables, the stabilizing agents play a key-role (discussed later). In the 
following paragraphs, synthesis involving the reaction of a base and a metal salt in either 
water or an organic solvent will be discussed. In addition, methods based on the 
decomposition of an organometallic precursor in the presence of solvents with a high 
boiling point will be presented. It is worth to point out that extensive and detailed 
information concerning the methodologies described herein can be found in a review 
recently published.83  
I.5.2.1 Chemical vapor deposition (CVD)  
The principle of this methodology is based on spraying a molecular compound such as 
zinc acetylacetonate. Vapors of this molecular compound are transported by an O2/N2 
flow to a substrate. The system is heated enough to cause pyrolysis of the precursor and 
oxide formation. This mechanism allows growth of single crystalline ZnO 
nanostructures.61,84-85 In addition this technique permits the production of ZnO nanorods 
of very high purity. Variations in CVD are also reported; for example MOCVD (Metal 
Organic Chemical Vapor Deposition).68,86 The CVD method is widely used for the synthesis 
of nanostructured metal oxides for applications in optoelectronics. The main 
characteristic of this physical method is the synthesis of nano-objects with a low 
dimensionality.87-88 
I.5.2.2 Sol-gel methods 
Sol-gel is the most reported strategy in the literature for the synthesis of metal oxide 
nanoparticles. Sol-gel processing refers to the hydrolysis and condensation of an 
alkoxide-based precursor. Regardless of the nature of the metal oxide particles, these 
procedures present some analogous steps: a) Formation of a stable solution of the 
alkoxide or solvated metal precursor (the sol) b) Increase of medium viscosity by 
polycondensation or polyesterification of a formed alcohol-bridged network (the gel) c) 
Aging of the gel (syneresis, condensation reactions are active until a solid is formed) d) 
Drying of the gel, in order to remove all the solvent or volatile compounds retained in the 
network e) Dehydration, the surface M-OH are removed by thermal treatment avoiding the 
re-hydration of the gel f) Densification and decomposition of the gel, this step is normally 
reserved for the preparation of ceramics.  
Spanhel et al. developed a sol-gel procedure for ZnO based on dissolving a zinc salt by 
sonication, adding a solution of lithium hydroxide (LiOH) and heating at temperatures 
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usually below 100 °C.89 In the presence of a base such as NaOH or KOH, the formation 
of nanoparticles was not observed. The main drawback of this synthesis was the 
evolution of the particle size over time (from 3.5 nm to 5.5 nm over 5 days). The 
stabilization agent is directly provided to the reaction by acetate ions: This stabilization is 
not good as the average particle size increases in time by Ostwald ripening. These results 
were later improved by Meulenkamp35 by controlling the amount of water in the mixture 
of the reagents (ethanol as solvent). The synthesis is performed at 0 °C rending particles 
of 2 nm size. The average diameter of the particles evolves rapidly; reaching 7 nm after 5 
days. Extensive studies on the evolution of the optical properties with size changes have 
been reported by this group.35,47,90 Using other bases such as LiOH, the production of 
Zinc Oxide NPs is demonstrated. In addition, other groups have reported the use of strong 
bases such as NaOH or KOH allowing to obtain of particles smaller than ten 
nanometers.91-93 Pacholski et al. have shown that the decomposition of zinc acetate in an 
alcoholic medium rendered spherical particles in the presence of potassium hydroxide. If 
the same mixture is refluxed for at least two hours nanorods are observed; therefore the 
morphology can be tuned.94 Weaker bases such as tetramethylammonium hydroxide 
have been successfully used to produce ZnO NPs ranging size from 1 to 15 nm.95-96 Zinc 
acetate is not the only precursor to be used in such syntheses. Indeed, spherical particles 
between 2 and 5 nm are obtained in presence of potassium hydroxide with halides or 
zinc perchlorates as precursors.97 These results are comparable to those obtained when 
using zinc acetate under the analogous conditions. 
The following of the nanoparticle growth rate with temperature reveals the dependence of 
the final particle size and stability on the ions released during the reaction; that depends 
on the precursor used. The growth rate depends on the adsorption of anion on the 
surface of particles. Among the sol-gel methods, Pillai et al. developed a synthetic 
procedure that involves acid groups instead of bases.30 For example, Zinc acetate and 
oxalic acid are mixed in ethanol and heated to 500°C. The principle of this method is 
based on the substitution of acetate ions by oxalate ions to obtain the gel. This gel is 
subsequently heated to high temperatures to obtain nanostructured powders (800°C). As 
already mentioned, the methods presented above use as a stabilizing agent only, ions 
released by the decomposition of the metallic precursor. Several groups have studied the 
decomposition of zinc acetate in a basic medium in the presence of a polymer. Among 
these examples, polymers such as polyvinilpyrrolidone (PVP) or derivatives of 
polyethylene glycol (PEG) have been tested.98-99 The particles obtained have sizes below 
10 nm. Although the use of a polymer could avoid particle size changes over time; such 
size evolution is still observed. Moreover, after reaction, the medium still contains traces 
of reagents, including lithium, presumably as an oxide.99 
I.5.2.3 Precipitation methods 
Most of the earliest syntheses of nanoparticles were achieved by precipitation. The 
principle is based on the formation of aqueous solutions of precursors followed by 
thermally decomposition until oxide formation.100-103 This strategy involves the 
simultaneous occurrence of nucleation, growth, coarsening and/or agglomeration 
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processes. These sub-processes that participate to the whole reaction are modulated by 
a stabilizing agent. For example, ZnO nanoparticles ranging between 2 to 3 nm have been 
produced by application of this strategy. A solution containing zinc acetate in 2-propanol 
is added to a solution containing sodium hydroxide. In the presence of the appropriate 
stabilizing agent and heating at 65 °C, the precursor is transformed into oxide 
nanoparticles.100 This procedure allows a high control of the average size, the morphology 
of the particles, as well as the formation of stable colloidal solutions. Disadvantageously, 
in all cases heating is required.  
I.5.2.1 Microemulsion methodologies  
Other synthetic procedures are related to microemulsion methodologies. The combination 
in certain proportion of oil, water, a surfactant and the addition of an alcohol or anime as 
a cosurfactant produce clear, seemingly homogeneous solutions named “micro 
emulsions”.104 The separation of hydrophophilic and hydrophobic constituents produce 
the organization of the whole system into spherical aggregates.  
If these spherical aggregates are hollow and water is retained in its cavity, they are 
named “reverse micro-emulsions”. For example ZnO NPs applied as a varistor 
components have been synthesized using this strategy.105 Nanoparticles are produced 
inside this organization. This strategy attracted a lot of attention due to potential catalytic 
applications (e.g. nanoreactors). The thermodynamics of the process are similar to 
precipitation methods. The microemulsion strategy can be considered as a step forward 
for precipitation techniques by inclusion of surfactants in the synthetic procedure. For 
example, zinc acetate is a good precursor for precipitation methodologies; the quality of 
the obtained nanoparticles can be improved by the addition of stabilizing agents. 
Production of nanostructured materials such as sticks, triangles or circles were reported 
by using trioctylamine, hexadecanol or octadecene and oleic acid as stabilizing agents.106-
108 Amine groups have also shown interaction with the precursor. Interaction between 
oleylamine and zinc acetate as well as the amine role during the reaction have been 
demonstrated.106 The mechanism is based on the nucleophilic attack of the amine group 
on the carbonyl group of the acetate moiety that induces the formation of zinc oxide and 
amide as a by-product. The excess oleylamine (unreacted) stabilizes the formed particles. 
Following a similar reasoning, a variation in the organometallic approach known as the 
polyol method was reported. The diol molecules 1,12-dodecanediol were employed to 
produce the reaction. The mechanism brings the elimination of an ester molecule after 
reaction between diol and acetate.107 
I.5.2.2 Organometallic methodology  
Organometallic procedures are based on the use of precursors in which metal-carbon 
bonding is presented. The decomposition of these bonds by an oxidative agent (O2, H2O 
etc) represents a highly exothermic reaction that facilitates the formation of crystalline 
nanoparticles at low temperature (compared to other commented procedures). Initially, 
the decomposition of the precursor leads to molecular complexes that will grow following 
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what is called the “nucleation” process (similar to the sol-gel procedure). These “nuclei” 
will evolve by two different but interrelated growing processes: 1) adsorption of atoms on 
the core or 2) coalescence clusters. 
Microemulsion and precipitation strategies led to the consideration of reacting 
organometallic compounds with alkyl chain carboxylic ligands.109-111 The optimization of 
the nucleation and growth processes is possible by modulating the conditions. For 
example, many organometallic precursors based on cubane structures have been applied 
for nanoparticle synthesis.112-113 Recently, thermolysis of the tetramer [MeZn(OtBu)4], 
leading to the formation of ZnO particles, has been demonstrated.113 In the absence of a 
stabilizing agent, the decomposition of such an organometallic precursor leads to 
nanostructured powders instead of individual particles.113 To avoid the precipitation of 
the particles, Boyle et al. postulated the precursor decomposition in N-methylimidazole 
under reflux. This method produced single particles larger than 10 nm and rods (average 
sizes between 50 to 100 nm long and 7 to 13 nm wide).114 Spherical single particles are 
obtained by decomposition of a mononuclear precursor while rods come from 
decomposition of a polynuclear precursor.114 Although the size dispersion is still 
important, the stabilization of the nanoparticles would be achieved employing an entity 
that can act as a stabilizer (methylimidazole). This highlights the importance of a 
stabilizer to isolation of individual NPs. 
The decomposition of precursors containing alkyl and/or alkoxides groups, have been 
studied in the presence of trioctylphosphine oxide (TOPO). For example, the 
decomposition of [EtZnOiPr] with two equivalents of TOPO at 160°C leads to the 
formation of particles of about 3 nm.115 The ligand TOPO can effectively control the 
particle size and prevents an increase in the average particle size over time. TOPO, as a 
stabilizing agent has also been used by Shim et al. 116 with diethylzinc as a precursor. If 
the reaction is performed by mixing [Zn(Et)2] and octylamine, the particles formed are not 
stable over time. In contrast, if a mixture of precursor and octylamine is injected into a 
large TOPO excess, stable particles with a diameter of 3 nm are formed. The interaction 
of the amine groups at the surface of the particles is weaker than the one between TOPO 
and particles surface. The stabilization of ZnO nanoparticles by amine groups can be 
achieved by modification of the reaction temperature for a given precursor. Complexes 
such as [bis(N-nitro-N-phenylhydroxylamine) zinc] or [bis(2-(methoxyimine)propanoate) 
zinc (II)] are reported and yield single particles (between 3.9 and 13.0 nm).117 
Strategies reported by our researching group: our group has acquired knowledge in the 
synthesis of metal and metal oxide nanoparticles under mild conditions (pressure and 
temperature). Metallic NPs are obtained by reduction of organometallic precursors in an 
organic solvent and in the presence of stabilizers. Successful examples of metallic 
particles including iron,118 cobalt,119 ruthenium6 or metal alloys such as iron-cobalt120 
have been reported. These particles are stabilized by polymers or organic ligands 
including amines and/or long alkyl chain carboxylic acids. 
Metal oxide NPs such as tin oxide,121 indium oxide122 and cobalt oxide123 were obtained 
by controlled oxidation of the pristine metal particles. More recently, the group has 
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developed another synthetic route for obtaining particles of ZnO, based on the controlled 
hydrolysis of the organometallic precursor bis (cyclohexyl) zinc [Zn(Cy)2].124-126 
ZnO nanoparticles: most organometallic complexes are water and air-sensitive with 
exothermic decomposition resulting when the complexes are exposed to air. By carefully 
selection of the reaction conditions it can be possible to perform controlled hydrolysis of 
the precursor leading to metal oxide nanomaterials in one step. The reaction is 
accomplished in solution where water-free organic solvents are mandatory. Protic 
solvents and the presence of water must be avoided. To control the hydrolysis reaction, a 
suitable precursor should be chosen where a non violent exothermic reaction is possible 
and the oxidative agent should be added portion wise. Local heating should be sufficient 
to produce crystalline particles at low temperature. Figure I.5.2.2.1 shows the reaction 
carried out to yield ZnO NPs; the specific role of the stabilizer will be discussed in the next 
section. Due to its volatility, cyclohexane (C6H12) is evaporated during the synthesis and 
by-products are released from the reaction are not expected. 
 
Figure I.5.2.2.1: Organometallic synthesis of ZnO nanoparticles. 
Using this procedure, the average size and size distribution of the resulting NPs is small. 
In addition, particle morphology can be well modulated. Figure I.5.2.2.2 illustrates how 
particle morphology is affected by the presence of a solvent medium (monodisperse 
spheres particles, image A; nanorods image B).124-125  
 
Figure I.5.2.2.2: Morphology control. A) Synthesis in THF using octylamine as 
stabilizing agent. B) Using octylamine as stabilizing agent (no additional solvent). 
In all cases, long alkyl-chain amines or carboxylic acids are used as stabilizing agents. 
Consequently, the particles form colloidal solutions only in organic solvents but not in 
protic solvents such as in water. Many nanoparticle applications require water or protic 
media this the use of these types of stabilizers limits the use of the resulting NPs for 
numerous applications. 
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The motivation for this Thesis was to synthesize ZnO and related NPs that are dispersible 
and stable in water. Attending to the literature, a scope of “tools” to transfer organic 
solvent synthesized nanoparticles to water can be gathered most of them based on the 
selection of the stabilizing mixture. Hence, in order to understand these strategies, the 
role of the stabilizing agent is explained. Also problems related to the behavior of colloidal 
solutions are discussed in the next section. 
II. Colloidal solutions: from organic solvent to water 
The synthetic procedures employed to carry out the work described in this Thesis provide 
nanoparticles as powders that can be further dispersed to yield colloidal solutions, due to 
the presence of stabilizing agents. In this section the concept of a colloidal solution and 
the potential application of these systems are discussed. In addition, special emphasis is 
paid to the role and the surface state of the particles. 
II.1 Definition and applications 
A colloidal solution is a mixture of a liquid and particles in which the particles are small 
enough to undergo Brownian motion. These solutions are stable as long as Brownian 
motion and repulsive forces overcome attractive forces. Some examples of applications 
for nanoparticle colloidal solutions are briefly presented: 
Catalysis: numerous studies concerning catalytic activity the of nano-objects can be 
found within the literature including these applications for hydrogenation,127 
hydrosililation128 or Suzuki129 and Heck130 couplings reactions. The activity of the 
nanoparticles is related to the surface state and ligand (stabilizer) arrangement. The use 
of particles dispersed in a solvent is considered as catalyst, as an intermediate state 
between homogeneous and heterogeneous catalysis. A extensive review on the catalytic 
activity of nanoparticles has been recently published.131 
Biology: hydro-compatible colloidal dispersions stable under physiological conditions are 
prerequisites for these applications. Due to their small size, nanoparticles present great 
accessibility in a living organism penetrating even inside cells. Taking benefits from the 
outstanding properties of the nanoparticles including nanophotonic,132 fluorescence133 or 
magnetism8 has brought about revolutionary applications such as imaging,134 biological 
detection,135 drug delivery136 and NPs have even been applied for the treatment of 
cancer (photodynamic therapy137 or hyperthermia 138). However, the effects of exposing 
humans to nanosized materials have scarcely been investigated. Hence, studies on 
toxicology should be encouraged in order to further exploit nanoscience in these fields.139 
Electronic: miniaturization represents a key step in order to ameliorate the characteristics 
of electronic components. The current industrial processes used for the fabrication of 
circuits are based on manipulation of powders. The health risks related to powder 
inhalation are well known.139-140 Nanoparticle colloidal solutions are good candidates to 
accomplish the goals of reduce and minimize the dangers associated with product 
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fabrication. Product fabrication based on the processing of colloidal solutions can be 
found in market. For instance, the strategy is successfully employed to integrate 
nanoparticles in gas sensing devices and varistors.63,122,141 
The principles of “green chemistry” and sustainable development defend the human 
development that "meets the needs of the present without compromising the ability of 
future generations to meet their own needs”. According to this, the new procedures in 
which nanoparticle colloidal solutions are involved necessitate the use of non polluting 
solvents such as water as well as components that are easily recycled. 
II.2 Role of the stabilizing agent 
For the synthesis of nanoparticles by wet chemistry methods the role of the stabilizing 
agent is crucial. In the absence of any stabilizing agent at the particle surface, synthesis 
does not lead to the formation of nano-objects but leads to the bulk material. The 
synthetic process can be described as the evolution of molecular complexes to produce 
the NPs. The stabilizing agent has an important participation in each step of the reaction. 
Characteristics of the resulting particles such as size, morphology, solubility, stability over 
time and physical properties are governed by the stabilizing agent. This section is devoted 
to the activity of the stabilizing agent, both: pre and post synthesis of the NPs. 
II.2.1 Growth control 
Molecular precursors suffer decomposition (either thermally or by action of oxidative or 
reductive agents), in the presence of stabilizing agents (normally surfactants). Molecular 
complexes are result from the decomposition of the metallic precursor and the 
surfactant. Depending on the thermodynamic characteristic (stability constant), the 
complexes can undergo nucleation processes to form seeds. When the seeds grow 
enough they are termed nanoparticles. During the growing process, the high ratio 
between surface area and volume result in most of the atoms being at the surface. 
Hence, distortions in the lattice are produced and each facet of the crystal presents a 
different surface energy. The interaction between the stabilizing agents and the growing 
crystals will occur preferentially on some facets. In addition, surface coordination of the 
stabilizing agent invokes steric effects. The space available for the arrival of new 
molecular species and the different reactivity of each crystalline facet determine the 
growth process. Potential anisotropy and the average size of the NPs are influenced by 
the stabilizing agent.  
II.2.2 Solubility and stability against precipitation 
Surfactants govern the colloidal stability and the solubility of the NPs they stabilize. In the 
case of the ZnO synthesis used during this work, each monocrystal is coated by a layer of 
stabilizing agent in which the polar groups are bound to crystalline surface while exposing 
the hydrophobic tails to the outer part. 
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Stability: the presence of the surfactant coating avoids aggregation of the individual 
crystals to touch each other. During the synthesis, the formation of the bulk material is 
prevented resulting in a solution of well-dispersed particles. The surface energy of 
nanoparticles is elevated and therefore attractive interactions are produced that would 
favor particle aggregation. Repulsive forces that result in the stabilization of the 
nanoparticles dispersed in solution is provided by the surfactant and varies in natures. 
These forces can be observed either individually or in combination. The quality of these 
interactions determines the post-synthesis stability of the colloidal solutions over time. 
1) Electrostatic stabilization: relies on the introduction of charges on the system. 
Similar charges repeal each other, therefore nanoparticle agglomeration is 
prevented. 
2) Steric repulsion: due to the configuration of the stabilizer at the particle surface, 
steric effects can appears to avoid aggregation and ensure colloidal stability. 
Solubility: the solubility properties of the resulting particles are pronominally dictated by 
the structure of the organic molecule (stabilizer). In the case of ZnO NPs synthesized 
using organometallic methodologies124-125 long alkyl chain amines and carboxylic acids 
act as stabilizing agents. These molecules are attached to the crystalline particle surface 
by the polar functional group leaving the hydrocarbon chains extending to the outer part 
of the system. These particles have shown ability to form colloidal solutions in non-polar 
solvents but not in water. 
II.2.3 Evolution over time of the colloidal solutions 
During the synthesis: the assembly of an individual nanoparticle is in dynamic 
equilibrium. Atoms are constantly binding and unbinding at the surface. At any given time, 
the particles are growing and dissolving. The smaller the particles are, the higher the 
surface energy of the particles. The reactivity of each individual particle towards the 
molecular species (complex metal/stabilizer) is dictated by its size. In fact, the smaller 
the particles are the lower stability in solution they present. At early stages of the 
reaction, the concentration of complexes is high; the smaller crystals grow faster that the 
larger ones until the size distribution get narrower.142 
Ostwald ripening (post-synthesis): after particle formation, the concentration of molecular 
species decreases; their diffusion is not fast enough to keep up with the growing process 
of the smaller particles. Only the large particles are able to grow. When the concentration 
of molecular species drops even more, the highly reactive small particles start to dissolve 
releasing atomic species in order to feed the growing of the larger particles.142 This 
phenomenon is called “Ostwald ripening”. 
The selection of a good coating (stabilizing agent) will improve colloidal stability. They are 
attached at the particle surface avoiding ion migration from the particle to the solution. 
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III. From organic solvent to water 
Essentially there are two strategies to prepare colloidal solutions of nanoparticles in 
water. The first one consists of performing the synthesis in water in presence of 
stabilizers.141,143-147 The second possibility relies on preparing the nanoparticles in 
organic solvent and further modification of their surface state by addition of new ligands. 
The main goal of this thesis is to obtain ZnO NPs dispersed as aqueous colloidal 
solutions. The particles are synthesized by organometallic methods in organic solvent; 
they need to be modified in order to achieve water dispersion. There are very few 
precedents in the literature of ZnO particles obtained in organic solvent and then 
transferred to water. In this paragraph, examples of other particles synthesized in organic 
solvents (regardless to their procedure) and then transferred to water are gathered. The 
procedures described could potentially be employed to transfer to water ZnO NPs. 
The bibliography presents two main strategies of post-synthesis modification to transfer 
nanoparticles from organic solvents to water (Figure III). As it is shown in the example A of 
Figure II.3.2, the new added molecule could establish interactions with the first layer of 
ligand (ionic interaction, Van der Waals forces etc) leading to a hydrophilic outer shell. 
Example B in Figure II.3.2 shows addition of a new stabilizing agents capable to take the 
place of the moiety used during the synthesis, ligand-exchange. 
 
Figure III: Strategies to achieve transfer from organic solvent to water. 
Both strategies are based on the addition of a second additional surfactant. However, the 
experimental procedures vary: biphasic extraction, procedures based on precipitation-
dispersion, direct dispersion of the particles as a powder in a given solvent. A crucial 
prerequisite for successful transfer to the aqueous solution is the retention of the 
intended properties of the material. In some cases, these properties are related to the 
particles surface state and therefore depend on the stabilizing agent used during the 
synthesis. In addition, the new system needs to present good aqueous colloidal stability. 
Particle
Particle
Particle
New added 
species
Aqueous PhaseOrganic Phase
B: Ligand exchange
A: Formation of a second layer
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During this work a third strategy has been investigated. This almost unexplored 
methodology is called “direct synthesis” and is of interest as no additional new surfactant 
is required. 
III.1 Ligand exchange 
The driving force of the ligand exchange strategy is the strength of the interaction 
between the functional groups of the surfactant at the particle surface. The “tools” that 
allow the prediction of a successful transfer to water of particles synthesized in an 
organic solvent and the resulting colloidal stability of these systems will be presented in 
the section. 
III.1.1 General considerations 
The first examples reported concerning the transfer of colloids from organic to aqueous 
solutions were performed using gold nanoparticles, facilitated by thiol molecules.148 
However, the preliminary reports shown poor transfer yield and low colloidal stability in 
water. To improve upon these results, the variables affecting ligand exchange processes 
need to be studied. Rotello and co-workers investigated the stability of alkylamine 
protected γ-Fe2O3 nanoparticles towards mono-functional alcohol and diol moieties. 
These reactions provided some conclusions with respect to variables that improve water 
transfer.149 The transfer is found to be better when the added surfactant is more strongly 
bound (in comparison to the first surfactant) or when multi-dentate functional groups are 
available. Figure III.1.1.1 shows ligand exchange of a bidentate alcohol molecule on a 
particle surface possessing monodentate alkyl-chain amines, as a result of the chelate 
effect.149  
 
Figure III.1.1.1: Example of ligand exchange. 
In addition, the colloidal stability of the particles stabilized by diol molecules is improved 
when more than one alkyl chain is present in each stabilizing molecule. This is postulated 
that, steric effects of bulky tail groups prevent system agglomeration and improve the 
transfer yield. Similar results were later found by this researching group. The same 
nanocrystals (γ-Fe2O3) and bimetallic magnetic nanoparticles (FePt) were transferred to 
water using polyhedral oligomeric silesquioxane (TMA-POSS, Figure III.1.1.2). The 
structure of this ligand can be defined as “exotic” compared to other molecules (normally 
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derived from polymers) reported in the literature. However, the chosen molecule clearly 
presents multidentate interactions and possess bulky skeleton.150 
Multiple Si-O- groups promote the displacement of trisoctylphosphine oxide (TOPO) from 
the inorganic surface.150 In addition, the bulkiness of the silicon oxide skeleton ensure 
colloidal stability in water without agglomeration. The negative charges improved the 
colloidal stability via electrostatic repulsion and, in addition, they ensure stability over a 
pH range of 3-12.150 
 
Figure III.1.1.2: Multidentate ligand for successful ligand exchange. 
In accordance with these observations, three different aspects need to be carefully 
controlled in order to design new stabilizers to successfully transfer and stabilize 
nanoparticles in water by ligand exchange processes: nature of the surface interactions, 
structure bulkiness and polarity. 
Molecules can potentially present two different interactions on a nanoparticle surface: 
chemical, physical or a combination of both interactions. Chemical bonding is related to a 
spatially oriented interaction: either monodentate or multidentate. Physical interactions 
present an arbitrary spatial orientation. The average strength of the interaction of the 
additional stabilizer should stronger than that of the first surfactant layer in order to 
result in successful exchange. 
The steric constrains of the stabilizing ligand structure and its polarity is inter-related and 
affects the solubility properties and colloidal stability. Superior colloidal stability is 
observed with structural bulkiness and the presence of charges (combination of steric 
and electrostatic stabilization). In addition, the presence of the additional stabilizer 
possessing hydrophilic groups is mandatory for dispersion in aqueous solutions. 
In the following section an overview of the different molecules that facilitate successfully 
transfer to water from an organic solvent, by ligand exchange processes, is presented. 
Purely physical interactions are not typically related to these procedures because the 
strength of these interactions is very weak compared to chemical bonding and difficult to 
quantify. The complete displacement of the initial stabilizer is not observed when only 
physical interactions are possible. Hence, the procedures are based on surface chemical 
interactions presented herein are classified by functional group. 
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III.1.2 Thiol groups 
The strength of the interactions present on metal surfaces by thiol groups is strong. 
Phosphine coated gold particles were transferred from organic solvent to water by 
addition of thiol molecules.151-153 This strategy showed to be applicable to other metallic 
particles such as silver, platinum and palladium by addition of a carboxylic acid group 
moiety further functionalized by a functionalized thiol (11-mercaptoundecanoic acid).154 
However, ligand exchange was partial observed (poor transfer yield) and low colloidal 
stability resulted. 
Initially the transfer of gold NPs was improved by application of charged thiol molecules 
(Hutchiston and co-workers).155 Either the anionic ligand (2-mercaptoethanesulfonate), 
the cationic ligand (2-(dimethylamino) ethanethiol hydrochloride), or a mixture of both, 
were used to transfer 1.4 nm phosphine-passivated gold nanoparticles.155 These 
particles retained their size after aqueous transfer. In addition, these systems showed 
high stability at elevated temperature, extreme pHs and high salt concentration. These 
properties were found to depend on the nature of the exposed head groups on the ligand 
shell. The thiol functionality serves to displace the original phosphine oxide while the 
charged groups ensured the water dispersability.155 
Semiconducting particles such as quantum dots (QDs) have been transferred from 
hexane to water using thiol molecules. Talapin and co-workers transferred CdSe and 
CdTe NPs originally synthesized in hexane by partial exchange of dodecylamine chloride 
with N,N-dimethyl-2-mercaptoethyl ammonium.156 
A family of thiol derived structures employed for these exchange reactions are based on 
the presence of cysteine groups (an amino acid presenting a sulfur group). The sulfur 
functionality promotes surface interaction for cysteine derived moieties such as acids, 
and peptides. These molecules are able to promoted transfer to water by exchange of the 
tryoctylphosphine oxide (TOPO) stabilizing moiety of QDs crystals.157-158 
III.1.3 Carboxylic acid groups 
Carboxylic acids are widely used for synthetic purposes to stabilize NPs during synthesis 
in an organic solvent. In some cases, direct water solubility is observed but not in general. 
Ligand exchange processes can be enhanced when multiple functions are available. For 
example, Yin and co-workers employed poly(acrylic acid) to develop a general procedure 
to transfer γ-Fe2O3 nanoparticles stabilized using oleic acid to water.159 The reaction is 
illustrated in Figure III.1.3. 
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Figure III.1.3: Transfer developed by Yu and co-workers. 
The procedure is based on desorption of the originally attached acid by heating a solution 
of nanoparticles in a high boiling point solvent (diethylene glycol; bp ≈ 245°C). The 
electrostatic repulsion ensures good colloidal stability in water.159 
In water, carboxylic acid functions normally show low surface interaction. When a 
stabilizer presents these functions, they are normally located at the outer shell of the 
system in order to ensure solubility in water. In addition carboxylate functions are suitable 
for further funtionalizations of the colloidal systems such as attaching of interesting 
molecules. 
III.1.4 Amine groups 
There are a wide variety of amino compounds, including biomolecules such as amino 
acids,160-161 peptides,162-163 and proteins164 which can form bonds to the surface of nano-
objects, through the amine group. Gittins at al. transferred gold nanoparticles and 
palladium stabilized bromide tetraoctylammonium from toluene to water by ligand 
exchange with 4-dimethyl-aminopyridine (DMAP).148 The driving force is the formation of a 
labile donor-acceptor complex on the atoms at the surface of the particles through 
endocyclic nitrogen atoms (Figure III.1.4.1). 
 
Figure III.1.4.1: Transfer developed by Gitting and Caruso. 
Toluene Water
DMAP
Tetraalkylammonium
salt 
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This example is considered as the first successful nanoparticle transfer to water as a 
result of the complete displacement of the first stabilizer. In addition, the system is stable 
and no degradation or aggregation were observed after several months.148 
Although other molecules such amino acids164 have shown ability to transfer particles to 
water, the strength of the interaction of amine groups on non metallic surfaces (such as 
oxide surfaces) is weak in comparison to those of phosphine or thiol groups. Therefore, in 
order to promote ligand exchange by amine groups, physical and multiple chemical 
interactions can be combined. Weller et al. published a complete study of diblock co-
polymers based on poly(ethyleneimine) (PEI) and poly(ethylene glycol) (PEO) (same 
molecule type as PEG) in which the polymer chain length and degree of branching (Figure 
III.1.4.2) were varied in order to understand the stability parameters.165 
 
Figure III.1.4.2: Linear structure (upper molecule) and branched structure (lower 
molecule). 
Using these molecules, direct biphasic extraction did not yield nanoparticles soluble in 
water. An alternative approach, involving the precipitation of NPs using a nonsolvent for 
the new ligands (hexane or cyclohexane) was applied. The precipitate obtained was 
readily soluble in water as well as in other protic solvents, such as methanol. A control 
test carried out with unmodified PEOs of different molecular weights resulted in 
precipitation of the polymer only, while the nanoparticles remained well dispersed in the 
hexane/chloroform mixture. This result indicated a successful binding of the amino 
groups of the modified PEO to the nanoparticles and excluded any possible 
agglomeration of the nanoparticles by poly(ethylene oxide) itself. For both polymers, the 
ligand exchange is produced by multidentate coordination of the amine functional group 
by covalent bonding.165 However, when using linear polymers, worm-like aggregates are 
observed. Exchanges by branched moieties provided individually dispersed particles. The 
presence of the hydrophobic part (Figure III.1.4.2) explains this behavior; this part is 
arranged to avoid contact with aqueous solvent. Therefore, physical interactions led to 
superior stabilization and the dispersion in the solvent medium is better. The cooperative 
effect between both kind of interactions allow dispersion in water of semiconducting 
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particles such as CdSe/CdS and CdSe/CdS/ZnS or magnetic particles such as Fe3O4 or 
CoPt3 that could be further used for biomedical applications.165 
Larger molecules such as dendrimers 166 or proteins 167 are also able to promote the 
transfer of semiconducting NPs from organic solvents to water. 
III.1.5 Inorganic coating, silica coating and silane groups. 
One important problem related to the use of NPs is chemical degradation of the particle. 
For example, transition metal nanoparticles such as iron, nickel or cobalt can be easily 
oxidized when exposed to air. Similarly, semiconductor nanoparticles such as metal 
chalcogenides are sensitive to air and can be transformed into ions in the presence of 
oxygen or light. Different inorganic coatings have been developed in order to avoid these 
problems. Some options rely on the chemical deposition on the particles of surface 
metals less susceptible to oxidation. Another nature of coating is based on the formation 
of a silica coating by condensation of siloxane groups.96,168 Both strategies bring the 
concept of "core-shell" nanoparticles. A review on the synthesis, protection and 
applications of metallic magnetic nanoparticles in which the inorganic coating strategies 
are widely explained has been recently published.169 
Production of water dispersible ZnO NPs has been reported by coating the pristine 
particles with silica. The optical properties of these particles were exploited for aldehyde 
detection.170 
The principle of this strategy is based on the ability of functional organosilicone molecules 
to be incorporated at the surface of nanoparticles, to form rigid inorganic silica coatings. 
This methodology has been successfully and extensively applied for quantum dots.171-173 
Although, classification of the silica encapsulation approach as a purely ligand exchange 
reaction is difficult; the whole process can be considered as a coordination of the silane 
group further stabilized by cross-linking reactions. Therefore it can be considered one a 
sub-class of the ligand exchange approach. 
Some limitations relating to the universal application of this strategy for any nanoparticle 
are: 1) control of the formation of the silica layer is complicated in comparison to other 
procedures 2) in the case of semiconducting particles, the quantum efficiency of the 
photoluminescent properties usually decrease174 3) coating needs to be performed under 
dilute conditions which are not suitable for large scale production.172 
Considering the process as coordination of silane groups following by a cross-linking, 
Zhang and co-workers reported a very versatile methodology based on the chemical 
modification of the polymers (bis-carboxylic terminated poly(ethylene glycol)).175 These 
strategies combine the benefits of performing silica coating with the well known 
characteristic of poly(ethylene glycol) (PEG) derived polymers (Figure III.1.5.1). 
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Figure III.1.5.1: Poly(ethylene glycol) molecule. 
PEG is an inexpensive and commercially available polymer that is presented in a large 
range of molecular weight and with numerous chain end functionalities. In addition, PEG 
polymers are water soluble, stable to physiologic conditions and they are biocompatible. 
For biomedical application of NPs several characteristics are mandatory such as forming 
colloidal solutions stable in a biological medium (water as solvent), salt concentration, pH 
changes or particle biocompatibility. Zhang and co-workers modified a bis(carboxylic acid) 
moiety of PEG in order to attach silane groups. The resulting product is a PEG variety that 
contains silane group at one chain end (Figure III.1.5.2).  
 
Figure III.1.5.2: Modified PEG polymer. 
The silane groups have shown ability to form covalent interactions on the surface of iron 
oxide nanoparticles by displacing oleic acid ligands. Some cross-linking between the 
silane groups is observed improving the stability of ligand/particle bonding and 
increasing the steric constrains of the coating. In addition, hydrogen bonds are formed 
between the amide groups of adjacent chains revealing a collaborative effect that 
increase the quality of the stabilization (Figure III.1.5.3).175 Therefore, a very thin silica 
coating is formed allowing aqueous stability of the inorganic particles. These systems can 
be used for biomedical applications. Trifluoroethanol is a suitable leaving group, offering 
the possibility functionalize nanoparticles with molecules of interest such as folic acid 
(Figure III.1.5.3) at PEG chain end. 
 
Figure III.1.5.3: Particle stabilization by modified PEG. 
The ligand modification developed by Zhang et al. illustrates the potential generalization 
of ligand exchange processes to other particles. This approach allows the selection of the 
right functional group to modify the PEG chain end according to the particle nature. The 
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same methodology was employed by Williams et al. to attach a thiol group to the polymer 
chain end. These ligands were able to stabilize and transfer to water metallic and 
bimetallic nanoparticles.176 
III.1.6 Phosphine oxide groups 
Functional groups such as phosphine-oxide have shown great versatility allowing the 
control of size and morphology for multiple types of nanocrystals synthesized using 
organic solvents. A common and well known stabilizing agent for such syntheses is 
trioctylphosphine oxide (TOPO). The combination of these functional groups and water 
soluble polymers was an idea successfully exploited by Bawendi and co-workers. They 
have been able to functionalize different polymers with phosphine177 and phosphine 
oxide groups.178 Thus combining the characteristics of both PEG derived species and 
phosphine oxide groups in one potentially stabilizing molecule. The procedure applied to 
obtain such stabilizing agents relied upon polymerization reactions. Figure III.1.6.1 shows 
the polymer obtained by combination of 1,2-bis-(dichlorophosphino)ethane and alcohol 
ending poly(ethylene glycol). 
 
Figure III.1.6.1: Phosphine oxide ligand. 
The multidentate interactions presented by this polymer were capable of producing ligand 
exchange and subsequent water transfer from different nanoparticles including Au, Pd, 
Fe2O3 and CdSe/ZnS as shown in Figure III.1.6.2.178 
 
Figure III.1.6.2: Photos of the particles in water. 
III.1.7 Structurally defined polymers 
Dendrimers are widely applied for the stabilization of nanoparticles synthesized in 
water166,179 but very few examples of transferring NPs synthesized in an organic solvent 
to water have been reported. Among them, ester-terminated polyamidoamine (PAMAM) 
dendrimers were employed to modify the solubility  of QDs.166 The particles were 
transferred from hexane to water due to presence of multiple interactions between  the 
inorganic surface and the primary amine groups of the dendrimer.166 
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Another family of structurally defined polymers called dendrons is more commonly 
applied for ligand exchange procedures. The synthesis of these species is performed 
following the so-called “convergent approach”. Polymer growth starts from the outer part 
of the structure and finishes at a “core” in which a single functional group is presented. 
The core group is easily modified depending on the nature of the particle surface. Peng 
and co-workers demonstrated the application of these molecules to transfer 
nanoparticles from organic solvents to water. Functionalities such as thiol,180 carboxylic 
acid groups181 or bidentate chelating groups181 have been separately reported. Each 
modulation of the functional group can be adapted to the nature of the nanoparticles 
desired to be transferred. 
In order to illustrate the chemistry developed in Peng’s researching group, the skeleton of 
a functionalized dendron containing thiol group is shown in Figure III.1.7 (A). This 
molecule has successfully displaced TOPO from the surface of CdSe/CdS quantum dots. 
 
Figure III.1.7: A) Thiol functionalized dendron structure. B) Coordination of the 
Dendron on CdSe/CdS nanocrystals.
180
 
Structure B (Figure III.1.7) shows the coordination of the dendrons by strong covalent 
bonding between thiol groups and the nanoparticle surface. Alcohol functional groups at 
the exterior of the system are suitable for further functionalization. 
III.1.8 Conclusions 
Multiple molecules capable of promoting ligand exchange reactions have been 
developed. However, the utilization of these species does not present a universal 
methodology for the transfer from an organic solvent to water of NPs. The nature of the 
additional stabilizer needs to be tuned to the nature of the surface to potentially resolve 
this issue. 
III.2 Double layer formation and related strategies. 
Although the development of new molecules capable of promoting ligand exchange 
reactions and transfer to water is in constant evolution, the particle properties are usually 
related to the surface state. For example, Landes et al. suggested that selective binding 
of amine group on the surface of CdSe nanoparticles, on specific surface defects, 
produces changes on the emission properties of crystals.182 This study demonstrates that 
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in some cases surface changes imply the lost of the intended properties. The impact of 
the surface modification on various ZnO properties is also noteworthy.183-184 
Other strategies used to transfer nanoparticles from an organic solvent to an aqueous 
solution, avoiding surface modification, have emerged as an option to resolve these 
problems. These procedures are generally based on the formation of double layers 
(interdigitated layers) by addition of amphiphilic molecules to the medium. 
III.2.1 Interdigitated layers (double layers) 
Amphiphilic molecules (or surfactants) are chemical compounds possessing both 
lipophilic and hydrophilic properties. When these molecules are concentrated enough in 
water they spontaneously assemble forming stable structures such as micelles, bilayer 
membranes, etc. They are used for the solubilization of hydrophobic products. 
Surfactants have also been used as surface stabilizers and/or templates for nanoparticle 
synthesis as has already been discussed. The polar groups are normally attached to the 
inorganic surface and NPs can be solubilized in an opposite solvent by formation of a 
surfactant bilayer (Figure III.2.1.1). This strategy presents two possibilities for the 
formation of the double layer: adding an excess of the same amphiphile185-186 or adding a 
new surfactant.146 ZnO NPs synthesized in water using oleic acid as a stabilizer turned 
out to be stable in water by simple addition of an excess of acid during the synthesis.187 
The excess favors the formation of interdigitated layers and due to the outer carboxylic 
acid groups, the stability of the whole system in water is ensured. The process of forming 
of the interpenetrated bilayer is facilitated by the high curvature of the surface of 
spherical nanoparticles.  
The first bibliographic report relating to water transfer of nanoparticles synthesized in an 
organic solvent was published by Sastry and co-workers, by formation of a double layer as 
is shown in Figure III.2.1.1.146 
 
Figure III.2.1.1: Double layer formation. 
Dodecylamine gold-capped nanoparticles were transferred from an organic phase to 
water by addition of a cationic surfactant. Experimentally, vigorous shaking of a biphasic 
Liphophilic group
Hydrophilic group
Inorganic nanoparticle
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mixture where the aqueous phase contained the cationic species 
cetyltrimethylammonium (CTAB) and the organic phase gold nanoparticles, led to water-
dispersible nanoparticles. The particles were extracted into water but slight aggregation 
was observed. Sample characterization by differential scanning calorimetry (DSC) (Figure 
III.2.1.2) confirmed the formation of interdigitated systems. The endothermic peak at 
65°C is attributed to the melting of the hydrocarbon region of the bilayer. 
 
Figure III.2.1.2: Differential scanning calorimetry from 1) Pure CTAB 2) Gold 
nanoparticles. 
The whole system is structured by arrangement of the amine functionality (dodecylamine) 
bound to the surface of the gold nanoparticles and the ammonium groups (CTAB) are 
located at the exterior. This enables the NPs to be dispersed in water.146 Figure III.2.1.1 
(right) illustrates the stabilization mechanism. 
The formation of a double layer depends on the medium conditions; changes in dilution, 
salt concentration or pH can destroy the systems and therefore alter the stability in water. 
These problems can be resolved by cross-linking of the bilayer coating. Kim et al. 
transferred iron oxide nanoparticles stabilized by oleic acid to an aqueous phase by 
cross-linking.188 The procedure is illustrated in Figure III.2.1.3. The procedure is 
performed in two steps. The amphiphilic diblock copolymer, poly(styrene250-block-acrylic 
acid13) (PS250-b-PAA13) is dissolved in N,N’-dimethylformamide (DMF); which is a good 
solvent for both the hydrophobic (PS) and hydrophilic (PAA) blocks. Then, a solution of 
nanoparticles in tetrahydrofuran (THF) was combined with the DMF solution of polymer in 
a defined ratio. Water was then gradually added to this mixture. 
 
Figure III.2.1.3: Interdigitation followed by cross-linking. 
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Water serves as a selective nonsolvent for both the hydrophobic PS block and 
hydrophobic nanoparticles and induced the formation of organized aggregates of 
surfactant molecules (micelles) around the nanoparticles. Groups of particles are 
encapsulated within the micelles. Fixation of this system is performed by cross-linking. 
The carboxylic acid groups of the PAA block react towards 2,2’-(ethylenedioxy)bis-
(ethylamine) in the presence of  N-ethyl-N’-(3dimethylaminopropyl) carbodiimide 
methiodide (EDC) as an activator.188 This method is particularly well suited for the 
protection and functionalization of materials such as iron oxide nanoparticles, for which 
strongly binding surface ligands are not readily available. Although nanoparticles were not 
individually dispersed, these systems present colloidal stability by fixing the double layer 
by cross-linking reactions. Individually stabilized γ-Fe2O3 nanoparticles have been 
obtained by formation of a double layer and polymerization. Once the double layer is 
formed the double carbon–carbon bonding is polymerized. The nanocrystals obtained by 
this procedure are soluble both in non-polar and protic solvent (noteworthy in water).189 
Water stable QDs have been prepared using different amphiphile molecules. For 
example, phospholipids such as 1,2-dipalmitoyl-sn-gycero-3-phosphoethanolamine-N-
(methoxypropylene glycol)58 or 1,2-dipalmitoyl-sn-gycero-3-phosphocholine190 have been 
reported. Polymers such block copolymers191 or poly(acrylic acid)192 have been 
successfully tested for the water transfer of QDs. Formation of interdigitated layers can 
be proposed as an universal strategy for the modification of the solubility regardless of 
the material due to the lack of surface chemistry. Parak and co-workers developed a 
simple and general strategy for the transfer of hydrophobic nanocrystals of various 
materials such as CoPt3, Au, CdSe/ZnS or Fe2O3 to water.193 The same procedure was 
applied for each material. Addition to the medium of the polymer poly(maleic anhydride 
alt-1-tetradecene) leads to double layer formation. This polymer is not an amphiphile by 
itself but the latter behavior is promoted by maleic anhydride ring opening. Once the 
double layer is formed it is necessary to fix it to the crystalline surface by cross-linking 
reactions. The procedure is illustrated in Figure III.2.1.4. 
 
Figure III.2.1.4: A) Intercalation of the polymer B) Ring opening/cross-linking reaction. 
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Cross-linking was chemically produced by addition of bis(6-aminohexyl)amine. The 
nanocrystals become soluble in water upon hydrolyzation of the unreacted anhydride 
groups to form carboxylic acid groups. This reaction effectively leads to an amphiphilic 
polymer shell that can be further processed according to a universal protocol that relies 
solely on the chemistry of the outer polymer shell. 
The methodology provides individually dispersed particles. In addition, complex objects 
such as CdTe tetrapods have also been successfully transferred to water. This method is 
quite general and could be extended to systems for which phase transfer to aqueous 
solutions has not been possible so far with other methods. Other authors were 
encouraged by this example and tested a range of polymers with a similar structure to 
poly(maleic anhydride alt-1-tetradecene). Lees et al. changed the hydrophobic 
tetradecene alkyl chain to a phenyl ring group to prepare stable colloidal solutions of 
semiconducting particles.194 Colvin and co-workers retained the long alkyl chain of the 
polymers but promoted the amphiphilic character by coupling reaction with PEG derived 
polymers. QDs and iron oxide nanoparticles were transfer from an organic solvents to 
water.195 
In some cases, the nature of the surfactant structure avoids the need of cross-linking as 
has been demonstrated by Cao and co-workers.196 These authors developed a 
methodology in which colloidal stability in water is achieved by both chemical and 
physical interactions. The authors called this effect “dual interaction” and individually 
stabilized materials including metallic particles (Au), metal oxide (Fe3O4) or QDs 
(CdSe/ZnS) were transferred. The general mechanism can be considered an intermediate 
between ligand exchange and interdigitated layer formation.196 The synthesis of the 
employed amphiphilic molecules was based on poly(ethylene glycol) (PEG) combined with 
sorbitan fatty acids and depending on the fatty acid, dithiol or diol functional groups were 
available. The mechanism of stabilization relating to such molecules is shown in Figure 
III.2.1.5. 
 
Figure III.2.1.5: Dual mechanism of nanoparticle stabilization and water transfer. 
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The green spots represent the bidentate groups chemically bounded to the nanoparticle 
surface. The presence of PEG chains (light blue chains) simply guarantied water 
dispersion. The red chains represent the originally attached stabilizer whilst the dark blue 
chains represent the fatty acid hydrophobic chains. Van der Waals forces (physical 
interactions) are in play between alkyl chains of adjacent polymers and those belonging 
to the original stabilizing agent. These effects improved the steric stabilization and fixed 
the double layer formed at the particle surface. The nanoparticles transferred this way 
presented outstanding aqueous stability over a wide range of pHs, salt concentrations or 
under thermal conditions (100 °C). 
III.2.2 Conclusions 
To conclude, the double layer formation strategy enabled the transfer of nanoparticles 
from an organic solvent to water without surface modifications. This method can be used 
to directly compare the properties of the NPs in different solvents. The main features for 
a good transfer are as follows: 
1) The first ligand shell should preferably present a strong chemical interaction on the 
surface of the particles. In addition, it should contain long hydrophobic chains or 
functional groups in order to ensure interaction with the second ligand shell.  
2) The interactions between both surfactants should lead to physical interaction in order 
to form the double layer. 
3)  The formed double layer needs to be cross-linked to produce stable coatings.  
4) The second ligand should contain polar groups in order to allow dispersion in water. 
Although the majority of the reported examples concerning the transfer of NPs to water 
by modification of the first ligand layer is based on formation of double layers other 
approaches are available. 
III.2.3 Chemical modification of the first layer 
Curtis and co-workers applied chemical modification of carboxylic groups of tiopronin 
protected gold nanoparticles in water.197 The surfactant used during the synthesis is 
strongly bound to the particle surface by thiol groups. Long poly(ethylene glycol) chains 
are attached to the outer tiopronin. This way, better stability in water is achieved. In 
addition, the polymer acts as a spacer for cell targeting applications. Drug delivery is 
possible by chemical addition of interesting molecules such as peptides as a result.197 
Transfer of hydrophobic nanoparticles to water by chemical modification of the first 
surfactant shell is also an alternative. The reaction is based on the oxidation of the oleic 
acid moiety coordinated to the surface of the rare-earth nanophosphor particles as shown 
in Figure III.2.3.198 
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.  
Figure III.2.3: Chemical modification that allows the transfer to water. 
Modification of the first ligand shell is performed without addition of new molecules. The 
oleic acid structure presents one double carbon-carbon bond and the chemical reactivity 
of olefin functional groups is well known. Using an aqueous mixture of KMnO4 and NaIO4 
(Lemieux-von Rudloff reagent) the double bond can be broken and new carboxylic acid 
groups are formed. After oxidation, the original acid groups remain attached to the 
surface of the particles while the newly formed carboxylic groups ensure dispersion in 
water. Interestingly, carboxylic acid groups are also suitable for further functionalization. 
III.2.4 Capping agents 
Capping agents are organic structures presenting cavities able to enclose objects within 
due hydrophobic-hydrophobic interactions. Polysaccharide molecules show three 
dimensional arrangements as illustrated in Figure III.2.4 (right). This structure results in 
the ability of such compounds for inclusion of complexes possessing aliphatic chains. 
Consequently, they are able to transfer nanoparticles of different natures from an organic 
phase to water. In addition, the biocompatibility of such species enables their application 
in the field of biomedicine.199-200 
Chitosan is a linear molecule composed of randomly distributed β-(1-4)-linked D-
glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit). These 
species are capable to transfer QDs, initially stabilized by 3-mercaptopropionic acid, from 
hexane to water. Such aqueous solutions are used for biomedical application.199 
Cyclodextrins (sometimes called cycloamyloses) make up a family of cyclic 
oligosaccharides, composed of 5 or more linked 1-4 α-D-glucopyranoside units that are 
arranged in water as showed in Figure III.2.4 
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Figure III.2.4: α-cyclodextrin structure representation. 
These species can be applied to obtain water formulations regardless to the nature of the 
particles. Metal oxide (iron oxide) and metallic (silver) nanoparticles stabilized by oleic 
acid were extracted from hexane by vigorous shaking of a biphasic mixture.200 
The cavities of cyclodextrin molecules present a size of ≈ 0.78 nm. When the particles are 
too large (larger than 2 nm) to be encapsulated, stabilization results from hydrophobic-
hydrophobic interactions between NPs and the cavities. In accordance with this, the 
synthesis of palladium NPs in dimethylformamide that were subsequently dispersible in 
water was achieved using thiol functionalized β-cyclodextrin as a stabilizing agent.201-202 
III.3 Direct synthesis 
This alternative relies on performing the nanoparticle synthesis in organic solvents (size 
and morphology controlled) using stabilizers that exhibit a wide range of solubility. 
Therefore, the obtained particles are expected to be directly dispersible in both organic 
and aqueous solvents without further modification. This way, it is expected that the 
nanoparticle properties will be retained, thus allowing the study of properties in different 
solvents.  
This strategy has been scarcely explored to date due to the complicated compromise 
between solubility properties and particle stabilization. For example, Williams and co-
workers used PEG-based polymers as a candidate for ligand exchange reactions. 
However, some tests using the molecule as a stabilizer for the NP synthesis in an organic 
solvent were described in this study (metallic nanoparticles).176 Following a similar 
reasoning, Sastry et al. attempted the synthesis of multi-solvent dispersible silver NPs in 
water; the resulting particles were dispersible in both water and organic solvents.203 
IV. Abstract 
During this work strategies used to obtain ZnO NPs synthesized by an organometallic 
approach and dispersible in water were developed. The structure of this dissertation will 
be the following: 
Chapter I will be devoted to ligand exchange and the formation of interdigitated layers for 
the transfer of ZnO NPs to water. One family of surfactants enabled the transfer of ZnO 
NPs ZnO stabilized by octylamine to water. Investigations concerning the stability of these 
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aqueous solutions, photoluminescent properties in organic solvents and in water and the 
stabilizing mechanism in water are discussed. 
In Chapters II Chapter III, direct synthesis of ZnO NPs using PEG derived polymers will be 
presented. Chapter II deals with the utilization of the bisAm oligomer as a stabilizer 
leading to particles dispersible in many solvents (including water) without any post-
synthetic modification. The colloidal stability of these systems, as well as the optical 
properties of the resulting particles in a range of solvents is widely discussed. Chapter III 
shows how the nature of the PEG derived stabilizing agent leads to control of the ZnO NPs 
morphology with retention of water solubility. Additionally, as a consequence of 
controlling the particle surface state, modification of the optical properties as well as 
preliminary characterization of 2D organized ZnO NPs is shown. 
Chapter IV highlights the application the direct synthesis approach developed in Chapters 
II and III to other metal oxide and metallic NPs. Multi-solvent dispersible metal oxide and 
metallic systems are synthesized by an organometallic method. However, fully 
characterization of the obtained systems is still required.  
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I Chemicals 
I.1  Solvents 
All the solvents used to carry out the work discussed in this Thesis are listed in Table I.1. 
For synthetic application, solvents were degassed prior to use by the Freeze-Pump-Thaw 
method. Water employed to prepare all the surfactant solutions or used to perform 
solubility tests is purified using an ion exchange resin (resistivity ≈ 16 MΩ.cm). 
Solvent Purchased Use Purification 
 
 
Tetrahydrofuran (THF)  
 
 
 
99.9 % 
Aldrich 
 
 
Synthesis 
 
Distillation over Sodium/ 
Benzophenone 
 
 
Tetrahydrofuran (THF)  
 
 
99.9 % 
Aldrich 
 
Solubility test 
 
No purification 
 
(1, 3, 5)-trymethylbenzene 
(mesytilene)  
 
 
 
99.9 % 
Aldrich 
 
 
Synthesis 
 
 
Distillation with Sodium 
 
Toluene 
 
 
99.8 % 
Aldrich 
 
Solubility tests 
 
No purification 
 
Dichloromethane 
 
 
99.9 % 
Aldrich 
 
Solubility tests 
 
No purification 
 
Acetonitrile 
 
 
99.9 % 
Aldrich 
 
Solubility tests 
 
No purification 
 
Chlroroform 
 
 
99.9 % 
Aldrich 
 
Solubility tests 
 
No purification 
 
Methoxybenzene (Anisol) 
 
 
99.7 % 
Aldrich 
 
Solubility tests 
 
No purification 
 
Ethanol 
 
 
95 % Aldrich 
 
Solubility tests 
 
No purification 
 
Water 
 
Preparation of solutions and 
nanoparticle solubility tests 
 
 
 
Mili Q device 
Table I.1: Listing of solvents and their use. 
I.2 Reagents 
I.2.1 Metallic salts 
The metallic salts are listed in Table I.2.1. The diethyl ether solutions of ZnCl2 and 
MgCl(C6H11) were stored at ambient temperature, in the absence of light and used 
without further purification. The rest of the compounds listed were purchased from 
Nanomeps and stored under an argon atmosphere (glove-box), at –35 °C. They were 
used without further purification. 
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Name Formula Purchased Use 
 
Zinc dichloride in diethyl ether 
(1 M) 
 
 
 
ZnCl2 
 
 
Aldrich 
 
Synthesis of 
dicyclohexyl Zinc (II) 
 
Cyclohexylmagnesium chloride 
in diethyl ether (2 M) 
  
 
 
MgCl(C6H11) 
 
 
Aldrich 
 
Synthesis of 
dicyclohexyl Zinc (II) 
 
Dicyclohexyl Zinc (II)  
 
 
Zn(C6H11)2 
 
Nanomeps 
 
ZnO NPs synthesis 
 
Trimethyl Indium (III)  
 
 
In(CH3)3 
 
Nanomeps 
In2O3 and SnIn2O3 
NPs synthesis  
 
 
bis[(bistrimethylsilyl)amidure 
Tin]  
 
 
 
[Sn(N(Si(CH3)3)2)
2]2 
 
 
Nanomeps 
 
SnO and SnIn2O3 NPs 
synthesis  
 
 
bis[(bistrimethylsilyl)amidure 
Iron] 
 
 
 
[Fe(N(Si(CH3)3)2)2
]2 
 
 
Nanomeps 
 
Fe, Fe2O3 and 
CoFe2O4 NPs 
synthesis  
 
 
bis[(bistrimethylsilyl)amidure 
Cobalt] 
 
 
 
[Co(N(Si(CH3)3)2)
2]2 
 
 
Nanomeps 
 
Co2O3 and CoFe2O4 
NPs synthesis  
 
 
(1,5-cyclooctadiene)(1,3,5-
cyclooctatriene) Ruthenium 
 
 
Ru( 4-C8H12)( 6-
C8H10) 
 
 
Nanomeps 
 
 
Ru Nps 
 
tris(di-benzylidenenacetone) 
Palladium  
 
 
 
Pd2(dba)3 
 
 
Nanomeps 
 
 
Pd Nps 
 
tris(di-benzylidenenacetone) 
Platinum 
 
 
 
Pt2(dba)3 
 
 
Nanomeps 
 
 
Pt Nps 
Table I.2: Listing of the metallic salts used during this work. 
I.2.2 Surfactants 
All the surfactants were purchased from Sigma-Aldrich. They are stored as purchased and 
used without further purifications. These molecules are listed in Table I.2.2.1 and Table 
I.2.2.2. Column MW is related to the average molecular weight of the oligomers while the 
column n refers to the approximate number of units (-OCH2CH2)- that a given molecule 
presents in its structure. Finally, the last column of each table presents the labeling of 
each species employed in this work. 
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I.2.2.1 Amine functional group 
Namea Formulab MWC n ≈d Labele 
 
Octylamine 
 
 
CH3(CH2)6CH2NH2 
 
129.24  
 
0 
 
OA 
 
Poly(ethylene glycol) 
bis(3-aminopropyl) 
terminated 
 
 
 
NH2(CH2)3(OCH2CH2)nO(CH2)3NH2 
 
 
1500 
 
 
30 
 
 
bisAm 
 
Methoxypolyethylene 
glycol amine 
 
 
 
H2NCH2CH2(OCH2CH2)nOCH3 
 
 
750 
 
 
15 
 
 
monoAm 
Table I.2.2.1: Surfactants containing amine as functional group. a: molecule name, b: 
molecule formula, c: average molecular weight, d: average number of ethylene oxide 
units, e: abbreviation used during this wok. 
I.2.2.2 Carboxylic acids 
Namea Formulab MWC n ≈d Labele 
 
Oleyl acid 
 
 
CH3(CH2)7CH=CH(CH2)7COOH 
 
282.4
6 
 
0 
 
OlAc 
 
Glycolic acid 
ethoxylate oleyl 
ether 
 
 
 
CH3(CH2)7CH=CH(CH2)8(OCH2CH2)nOCH2CO
OH 
 
 
 
700 
 
 
2 
 
 
71-2 
 
Poly(ethylene 
glycol) 
bis(carboxymethyl) 
ether 
 
 
 
HOOCCH2(OCH2CH2)nOCH2COOH 
 
 
600 
 
 
11 
 
 
bisAc 
 
Methoxypolyethylen
e glycol carboxylic 
acid 
 
 
 
HOOCCH2CH2(OCH2CH2)nOCH3 
 
 
3000 
 
 
60 
 
 
monoAc 
Table I.2.2.2: Surfactants containing carboxylic acid functional group. a: molecule name, 
b: molecule formula, c: average molecular weight, d: average number of ethylene oxide 
units, e: abbreviation used during this wok. 
II Synthesis 
All chemical reactions were performed under an argon atmosphere using standard 
Schlenck tube, Fisher-Porter (Image II) or glove-box techniques to ensure controlled 
atmosphere conditions and in addition, in the case of Fisher-Porter bottle, to allow 
reactions under moderate pressure to be carried out safely. 
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Image II: a) Schlenck tubes. b) Example of Fisher-Porter bottle. 
Glassware preparation: In order to avoid the introduction of impurities during the 
synthetic procedures the glassware is cleaned as follows: 1) it is introduced into an acid 
bath for a minimum of 30 minutes and then rinsed using water 2) 30 minutes in a basic 
bath are needed, before rinsing with water 3) additional 30 minutes in a acid bath are 
needed, before rinsing with water and acetone 4) the glass is dried at ambient 
temperature.  
High vacuum grase is applied to all glass joints before assembling the glassware. Once 
assembled the set up is heated under dynamic vacuum (10-5 torr) using a heating gun in 
order to eliminate trace quantities of water. When the glassware is used in the glove-box 
at least 20 minutes of dynamic vacuum inside the small chamber (one hour inside the big 
chamber) is applied and is mandatory. 
In the following paragraph, all the experimental procedures performed in this dissertation 
are described. The references related to the surfactant amount applied to perform each 
synthesis in terms of equivalents (labeled as eq in the procedures) are calculated 
attending to the number of metallic atoms.  
All the chemical procedures described here were carried out a minimum of two times in 
order to ensure the reproducibility. 
II.1 Precursor synthesis 
II.1.1 Synthesis of bis-cyclohexyl zinc [ZnCy2] 
To a Schlenk tube, is added a solution 2 M of cyclohexylmagnesium chloride (MgClC6H11) 
in diethyl ether (20 mL) under an argon atmosphere. With vigorous stirring the Schlenk is 
placed in an ice bath and a solution of 1M of zinc chloride [ZnCl2] in diethyl ether (20 mL,) 
was added drop wise via dropping funnel. Volumes are measured using a 50 mL glass 
syringe. The resultant mixture turned “milky”. The solution is stirred vigorously at ambient 
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temperature for 2 hours. The reaction mixture was filtered through a frit (containing 
celite) under argon and the resulting yellow solution concentrated in vacuo. A yellow oil is 
obtained that is further purified by sublimation (50 °C, 6 hours). The product is a white 
powder (≈ 60 % yield) that was stored in the glove-box in the absence of light at -35 °C. 
II.1.2 Precursor quality 
New phenomena not previously observed in our research group appeared to be crucial in 
order to interpret the NMR spectra in the presence of ZnO NPs. These phenomena were 
found to be dependent on the quality of the precursor used to synthesize the 
nanoparticles. The complex [ZnCy2] is purified by sublimation under a controlled 
atmosphere. Even if this process is carefully performed, small amounts of one by-product 
are observed. (Figure II.1.2.1) 
 
FigureII.1.2 II.1.2.1: a) Polluted ZnCy2 
13
C spectrum in C6D6; b) Cyclohexyl 
13
C NMR 
standard spectrum in CDCl3 from database. 
The unexpected peak pattern shown in Figure II.1.2.1during the 13C NMR (a) experiment 
has been attributed to bicyclohexyl. The 13C NMR spectra of this molecule is shown in 
Figure II.1.2.1 (b); taken from the database of the National Institute of Advanced Science 
and Technology (AIST, Japan). By comparison of the precursor and reference 13C spectra 
it can be easily concluded that the peak observed at approximately 45 ppm corresponds 
to the C-C bond of the bicyclohexyl molecule. When this precursor is employed for the 
synthesis of ZnO NPs, a bicyclohexyl derivative is observed during the NMR particle 
characterization. Due to the exothermic decomposition of [ZnCy2] in the presence of 
moisture and the catalytic oxidation activity reported for ZnO,1 the C-C bond from the 
bicycle is broken by a radical reaction to yield an alcohol group. In accordance with this, 
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bicyclohexyl is converted to cyclohexanol Figure II.1.2.2 shows 13C (a) and 1H (b) NMR 
spectra recorded in CDCl3 (taken from the AIST Database). 
 
Figure II.1.2.2: a) 
13
C NMR standard spectrum of cyclohexanol; b) 
1
H NMR standard 
spectrum of cyclohexanol (AIST database). 
The high solubility of cyclohexanol is evidenced by its presence in nanoparticle aqueous 
solutions, upon analyze of the latter by NMR spectroscopy. Further to this, 2D NMR 
experiments highlight that cyclohexanol impurity does not interact with the particle 
surface. 
II.2 Metal oxide nanoparticles (NPs) 
This Section is devoted to the synthesis of inorganic oxide nanoparticles via an 
organometallic methodology. The experimental considerations and the characterization 
techniques used are extensively discussed. 
II.2.1 General procedure 
In a glove-box under argon, [ZnCy2] was added to a solution of stabilizer is freshly distilled 
and degassed solvent. The Schlenck tube was capped, removed from the glove-box and 
covered in foil to exclude light. The cap was removed, allowing moisture in the air to diffuse 
throughout the mixture. Hydrolysis of the metallic precursor resulted. Generally, the 
reaction was considered complete when the volatile solvent has completely evaporated 
(around 4 days). Following this procedure, metal oxide nanoparticles were produced. The 
composition of each reaction mixture is listed in tables.  
 
 
ppm ppm
a) b)
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II.2.2 ZnO/OA NPs 
[ZnCy2] (mg) OA (μL) Equivalents THF (mL) 
57.9 10.3 0.25 6 
57.9 20.7 0.5 6 
57.9 41.3 1 6 
 
The nanoparticles were obtained as white powders that are dispersed in dichloromethane 
for further characterization. Transmission electron microscopy (TEM), UV-Visible 
spectroscopy (UV-Vis), dynamic light scattering (DLS), zeta potential (ζ-potential), 
photoluminescent properties (PL) were also measured (further discussed in Chapter II).  
Nanoparticle synthesis via this synthetic route has been widely performed in our group.2-3 
Regular TEM images obtained for these samples as well as the average particle size and size 
distribution are shown in Figure II.2.2. 
 
Figure II.2.2: TEM images of ZnO/OA NPs and their corresponding size histograms. 
II.2.3 ZnO/OlAc NPs 
[ZnCy2] (mg) OlAc (μL) Equivalents THF (mL) 
57.9 39.6.3 0.50 6 
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Nanoparticles of this type are obtained as a white powder that can be dispersed in organic 
solvents to yield colloidal solutions but they remain as a solid in protic or polar solvents. TEM 
and UV-vis were measured (see Supporting Information). 
This synthesis is well known in our group. A regular TEM image obtained for this sample as 
well as the average particle size and size dispersion are shown in Figure II.2.3. 
 
Figure II.2.3: TEM image of ZnO/OlAc NPs. 
 
II.2.4 ZnO/OA/OlAc NPs 
[ZnCy2] (mg) OA (μL) OA Equivalents OlAc (μL) OlAc Equivalents THF (mL) 
57.9 41.3 1 39.6 0.5 6 
 
Nanoparticles of this type are obtained as a white powder that can be dispersed in organic 
solvents to yield colloidal solutions but they remain as a solid in protic or polar solvents. TEM 
and UV-vis were measured (see Supporting Information). 
This nanoparticle synthesis has been widely performed in our group.4 A regular TEM images 
obtained for this sample as well as the average particle size and size dispersion are shown in 
Figure II.2.4 
50 nm
ZnO/OlAc in toluene
3.8 ± 0.6 nm
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Figure II.2.4: TEM image of ZnO/OA/OlAc NPs. 
 
II.2.5 ZnO/bisAm NPs 
[ZnCy2] (mg) bisAm (mg) Equivalents THF (mL) 
57.9 18.74 0.05 6 
57.9 37.48 0.10 6 
57.9 187.4 0.5 6 
57.9 374.8 1 6 
57.9 749.7 2 6 
 
The particles were obtained as white powders that can be dispersed in various solvents to 
yield transparent colloidal solutions. The powders were characterized by a combination of 
powder X-ray scattering, wide angle X-ray scattering (WAXS) and TEM. Particles dispersed in 
THF, water, acetonitrile, ethanol, toluene and chloroform were characterized by UV-Vis, DLS, 
ζ-potential and PL. Nuclear magnetic resonance spectroscopy (NMR) experiments were 
performed with particles dispersed in D2O (further discussed in Chapter II).  
 
 
 
50 nm
ZnO/OA/OlAc in CH2Cl2
3.6 ± 0.4 nm
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II.2.6 ZnO/bisAc NPs 
[ZnCy2] (mg) bisAc (mg) Equivalents THF (mL) 
57.9 1.5 0.01 6 
57.9 7.5 0.05 6 
57.9 15 0.10 6 
57.9 30 0.2 6 
 
Nanoparticles are obtained as white powders that can be dispersed in protic polar solvents 
to yield colloidal solutions. These samples were characterized as water colloidal solutions by 
TEM, UV-Vis, DLS, ζ-potential, PL and NMR (further discussed in Chapter III). 
II.2.7 ZnO/monoAm NPs 
[ZnCy2] (mg) monoAm (mg) Equivalents THF (mL) Diethyl ether 
(mL) 
Anisole 
(mL) 
57.9 18.74 0.10 6 6 6 
57.9 93.7 0.50 6 - - 
57.9 187.4 1 6 6 6 
57.9 374.8 2 6 - - 
 
Nanoparticles are obtained as white powders. These samples were characterized as colloidal 
solutions in different solvents (Water, THF, acetronitrile, toluene, ethanol and chloroform). 
TEM, UV-Vis, DLS, ζ-potential, PL and NMR were performed (further discussed in Chapter 
III). 
II.2.8 ZnO/bisAm/bisAc Nps 
[ZnCy2] (mg) bisAc (mg) bisAm (mg) Acid/amine 
ratio 
THF (mL) 
57.9 75 93.7 1/0.5 6 
57.9 75 187.4 1/1 6 
57.9 75 374.8 0.5/1 6 
 
 [EXPERIMENTAL SECTION] 
 
72 
 
Nanoparticles are obtained as white powders and then dispersed in water and in THF. TEM, 
UV-Vis and scanning electron microscopy (SEM) were performed (further discussed in 
Chapter III). 
II.2.9 ZnO/bisAc/OA NPs 
[ZnCy2] (mg) bisAc (mg) OA (μL) Acid/amine 
ratio 
THF (mL) 
57.9 75 20.6 1/0.5 6 
57.9 75 41.3 1/1 6 
57.9 75 82.6 0.5/1 6 
 
Nanoparticles are obtained as white powders and then dispersed in water and in THF. TEM 
and scanning electron microscopy (SEM) were performed (further discussed in Chapter III). 
 
II.2.10 Tin oxide/bisAm  
[Sn(N(SiMe3)2)2]2 (mg) bisAm (mg) Equivalents Solvent (mL) 
30 171.1 1 6 
 
Nanoparticles are obtained as a white powder that can be dispersed in water to yield 
transparent colloidal solutions. This oxide is characterized by TEM (further discussed in 
Chapter IV). 
 
II.2.11 Indium oxide/bisAm NPs 
InMe3 (mg) bisAm (mg) Equivalents Solvent (mL) 
30 281.6 1 6 
 
Nanoparticles are obtained as a white powder that can be dispersed in water to yield 
transparent colloidal solutions. This oxide is characterized by TEM (further discussed in 
Chapter IV). 
 
II.2.12 Tin oxide/Indium oxide/bisAm NPs 
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InMe3  (mg) [Sn(N(SiMe3)2)2]2 
(mg) 
bisAm (mg) Equivalents Solvent (mL) 
30 98.8 844 3 6 
 
Nanoparticles are obtained as a white powder that can be dispersed in water to yield 
transparent colloidal solutions. This oxide is characterized by TEM (further discussed in 
Chapter IV). 
 
II.2.13 Iron oxide/bisAm NPs 
[Sn(N(SiMe3)2)2]2 (mg) bisAm (mg) Equivalents Solvent (mL) 
30 119.5 1 6 
 
Nanoparticles are obtained as a brown-orange powder that can be dispersed in water to 
yield orange colloidal solutions. This oxide is characterized by High Resolution Transmission 
Electron Microscopy (HRTEM) (further discussed in Chapter IV). 
 
II.2.14 Cobalt oxide/bisAm NPs 
[Co(N(SiMe3)2)2]2 (mg) bisAm (mg) Equivalents Solvent (mL) 
30 118.5 1 6 
 
Nanoparticles are obtained as a brown-orange powder that can be dispersed in water to 
yield orange colloidal solutions. This oxide is characterized by High Resolution Transmission 
Electron Microscopy (HRTEM) (further discussed in Chapter IV). 
II.2.15 Cobalt oxide/Iron oxide/bisAm NPs 
[Fe(N(SiMe3)2)2]2 
(mg) 
[Co(N(SiMe3)2)2]2 (mg) bisAm (mg) Equivalents Solvent 
(mL) 
59.55 30 358.5 3 6 
 
Nanoparticles are obtained as a brown-orange powder that can be dispersed in water to 
yield orange colloidal solutions. This oxide is characterized by High Resolution Transmission 
Electron Microscopy (HRTEM) (further discussed in Chapter IV). 
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II.3 Metallic nanoparticles 
This Section is devoted to the synthesis of nanoparticles by the reduction of an 
organometallic compound. The experimental procedure and the characterization 
techniques used are described. 
II.3.1 Ruthenium NPs 
This Section describes the synthetic procedures with Ru NPs. 
II.3.1.1 Ru/bisAm NPs 
Under an argon atmosphere, Ru(COD)(COT) (50 mg, 0.16 mmol) and the bisAm oligomer 
(120 mg, 0.08 mmol) were placed inside a Fisher-Porter bottle. 50 mL of freshly dried and 
degassed THF were added to the bottle and the mixture was cooled to -100 °C using an 
ethanol/liquid nitrogen bath. At ambient temperature the precursor is dissolved (orange 
color) and with vigorous sitting 3 bars of hydrogen gas were introduced over 20 minutes; 
after 10 minutes of stirring a black solution resulted. The mixture was left reacting overnight 
at ambient temperature. The hydrogen atmosphere was removed (vacuum) and the solution 
was concentrated in vacuo. Subsequently, nanoparticles (black solid) were isolated by 
precipitation from pentane (50 mL, dried and degassed). The black powder can be further 
dispersed in anisole, toluene, THF and water. The sample has been characterized by WAXS 
and TEM (further discussed in Chapter IV). 
II.3.1.2 Ru/monoAm NPs 
Under an argon atmosphere, Ru(COD)(COT) (20 mg, 0.060 mmol) was placed in a Fisher-
Porter bottle. In a Schlenk tube, the monoAm oligomer (47.5 mg, 0.06 mmol) was dissolved 
in THF under argon an atmosphere (20 mL, dried and degassed). The Ru compound was 
cooled to -100 °C using ethanol/liquid nitrogen bath. The oligomer solution was transferred 
to the Fisher-Porter via cannula transfer. At ambient temperature the precursor was 
dissolved (orange color) and with vigorous sitting 3 bars of hydrogen gas were introduced 
over 20 minutes; after 10 minutes of stirring a black solution resulted. The mixture was left 
reacting overnight at ambient temperature. The hydrogen atmosphere was removed 
(vacuum) and the solution was concentrated in vacuo. Subsequently, nanoparticles (black 
solid) were isolated by precipitation from pentane (50 mL, dried and degassed) and then 
washed using 3x30 mL of pentane. The black oily powder can further be used to yield stable 
colloids in various solvent such as in anisole, toluene, THF and water. The sample has been 
characterized by TEM, DLS and NMR (further discussed in Chapter IV). 
II.3.1.3 Ru/monoAm/monoAc NPs 
Under an argon atmosphere, Ru(COD)(COT) (20 mg, 0.060 mmol) was placed in a Fisher-
Porter bottle. In a Schlenk tube, a mixture of the monoAc oligomer (38 mg, 0.012 mmol) and 
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monoAm oligomer (19 mg, 0.024 mmol) were dissolved in THF (20 mL, dried and degassed) 
under argon atmosphere. Application of ultrasonication during 30 minutes was needed in 
order to obtain a transparent oligomer solution. The Ru compound was cooled to -100 °C 
using ethanol/liquid nitrogen bath. The oligomer solution was transferred to the Fisher-
Porter via cannula transfer. At ambient temperature the precursor was dissolved (orange 
color) and with vigorous sitting 3 bars of hydrogen gas were introduced over 20 minutes; 
after 10 minutes of stirring a black solution resulted. The mixture was left reacting overnight 
at ambient temperature. The hydrogen atmosphere was removed (vacuum) and the solution 
was concentrated in vacuo. Subsequently, nanoparticles (black solid) were isolated by 
precipitation from pentane (30 mL, dried and degassed) and then washed using 3x30 mL of 
pentane. The black powder can further be used to yield stable colloids in various solvents. 
The sample has been characterized by TEM, DLS and NMR (further discussed in Chapter IV). 
II.3.2 Platinum NPs 
It is noteworthy that the regular precursor formula is Pt2(dba)3 but after the elemental 
analysis it was found that right formula is Pt(dba)2. The mass percentage of metal in the 
precursor (measured by elemental analysis) is 24.8 % instead of 32.6 % theoretically 
calculated. Under an argon atmosphere, Pt(dba)2 (20 mg, 0.030 mmol) was placed in a 
Fisher-Porter bottle. In a Schlenk tube, a mixture of the monoAc oligomer (18.1 mg, 0.006 
mmol) and monoAm oligomer (9.1 mg, 0.012 mmol) were dissolved in THF (20 mL, dried and 
degassed) under argon atmosphere. Application of ultrasonication during 30 minutes was 
needed in order to obtain a transparent oligomer solution. The metallic precursor was 
cooled to -100 °C using ethanol/liquid nitrogen bath. The oligomer solution was transferred 
to the Fisher-Porter via cannula transfer. At ambient temperature the precursor was 
dissolved (dark red color) and with vigorous sitting 3 bars of hydrogen gas were introduced 
over 20 minutes; after 10 minutes of stirring a black solution resulted. The mixture was left 
reacting overnight at ambient temperature. The hydrogen atmosphere was removed 
(vacuum) and the solution was concentrated in vacuo. Subsequently, nanoparticles (black 
solid) were isolated by precipitation from pentane (30 mL, dried and degassed) and then 
washed using 3x30 mL of pentane. The black powder can further be used to yield stable 
colloids in various solvents. The sample has been characterized by WAXS, TEM, and NMR 
(further discussed in Chapter IV). 
 
II.3.3 Palladium NPs 
Under an argon atmosphere, Pd2(dba)3 (20 mg, 0.022 mmol) was placed in a Fisher-Porter 
bottle. In a Schlenk tube, a mixture of the monoAc oligomer (52.4 mg, 0.017 mmol) and 
monoAm oligomer (26.2 mg, 0.035 mmol) were dissolved in THF (20 mL, dried and degassed) 
under argon atmosphere. Application of ultrasonication during 30 minutes was needed in 
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order to obtain a transparent oligomer solution. The metallic precursor was cooled to -100 
°C using ethanol/liquid nitrogen bath. The oligomer solution was transferred to the Fisher-
Porter via cannula transfer. At ambient temperature the precursor was dissolved (dark red 
color) and with vigorous sitting 3 bars of hydrogen gas were introduced over 20 minutes; 
after 10 minutes of stirring a black solution resulted. The mixture was left reacting overnight 
at ambient temperature. The hydrogen atmosphere was removed (vacuum) and the solution 
was concentrated in vacuo. Subsequently, nanoparticles (black solid) were isolated by 
precipitation from pentane (50 mL, dried and degassed) and then washed using 3x30 mL of 
pentane. The black oily powder can further be used to yield stable colloids in various 
solvents. The sample is characterized by WAXS, TEM, DLS and NMR (spectroscopy and 
DOSY) (further discussed in Chapter IV). 
II.3.4 Iron Nps 
Iron nanoparticles were synthesized by reduction of an organometallic precursor. 
Different procedures were tested as described here. 
II.3.4.1 Fe/monoAm NPs 
Under an argon atmosphere, [Fe(N(SiMe3)2)2]2 (50 mg, 0.066 mmol) was placed in a Fisher-
Porter bottle and then dissolved with mesythilene (1, 3, 5-trimethylbenzene) (5 mL, dry and 
degassed) resulting in a green solution.. In a Schlenk tube, the monoAm oligomer (99.6 mg, 
0.13 mmol) was dissolved mesythylene under an argon atmosphere (15 mL, dried and 
degassed). The metallic precursor was cooled to -100 °C using ethanol/liquid nitrogen bath. 
The oligomer solution was transferred to the Fisher-Porter via cannula transfer. The resulting 
solution is brown. With vigorous stirring 3 bars of hydrogen gas were introduced over 30 
minutes; after 10 minutes of stirring a black solution resulted. The mixture was left reacting 
at 150 °C during 48 hours. The hydrogen atmosphere was removed (vacuum) and the 
solution was concentrated in vacuo. Subsequently, nanoparticles (black solid) were isolated 
by precipitation from pentane (50 mL, dried and degassed) and then washed using 3x30 mL 
of pentane. The black oily powder can further be used to yield stable colloids in various 
solvents. The sample has been characterized by TEM (further discussed in Chapter IV). 
 
II.3.4.2 Fe/monoAm/monoAc NPs  
Under an argon atmosphere, [Fe(N(SiMe3)2)2]2 (100 mg, 0.13 mmol)was placed in a Fisher-
Porter bottle and then dissolved with mesythilene (1, 3, 5-trimethylbenzene) (5 mL, dry and 
degassed) resulting in a green solution.. In a Schlenk tube, a mixture of the monoAc oligomer 
(199.1 m,g 0.065 mmol) and monoAm oligomer (99.6 mg, 0.13 mmol) was dissolved 
mesythylene under an argon atmosphere (25 mL, dried and degassed). The metallic 
precursor was cooled to -100 °C using ethanol/liquid nitrogen bath. The oligomer solution 
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was transferred to the Fisher-Porter via cannula transfer. The resulting solution is brown. 
With vigorous stirring 3 bars of hydrogen gas were introduced over 30 minutes; after 10 
minutes of stirring a black solution resulted. The mixture was left reacting overnight at 
ambient temperature. The hydrogen atmosphere was removed (vacuum) and the solution 
was concentrated in vacuo. The reaction is heated to 150 °C during 48 hours. After this time, 
a black precipitate is observed over the magnet. The solution is filtered using a cannula and 
the solid is dried.  The color of the solid is white brownish. Colloidal solutions can be further 
obtained in different solvents like toluene, anisole, and water. The sample is characterized 
by TEM (further discussed in Chapter IV). 
III Characterization techniques 
Throughout this Thesis particular attention has been focused on systems consisting of 
inorganic nanoparticles coated with organic stabilizing agents. These systems were 
characterized either in solid state or in solution. Information regarding the inorganic core 
of these systems is provided by techniques such as X-ray diffraction (powder diffraction 
and wide angle X-ray scattering WAXS), transmission electron microscopy (TEM), high 
resolution transmission electron microscopy (HRTEM) and scanning electron microscopy 
(SEM).  
Furthermore, the overall particle system (inorganic core + organic coating) was 
investigated using additional techniques. In particular, colloidal stability in solution is 
determined using dynamic light scattering (DLS), zetametry (ζ-potential), NMR, ultraviolet-
visible absorbance spectroscopy (UV-Vis) and photoluminescent measurements (PL). The 
behavior of the organic coating in solution (in absence of nanoparticle) was investigated 
by interfacial tension, UV-Vis and PL. 
The principle of each technique as well as the experimental sample set up and sample 
preparation are described in the following sections. 
III.1 Solid state characterization 
III.1.1 X-Ray diffraction 
Two techniques were utilized to determine the crystalline structure of the nanoparticles. 
The first was powder X-ray diffraction and the second was wide angle X-ray scattering 
(WAXS). These analytical techniques are based on the same principle. 
Principle: X-ray is an electromagnetic radiation having a wavelength in the range of 10 to 
0.01 nanometers (shorter than UV light). A crystal is a solid material with atoms arranged 
in an orderly repeating pattern in the three spatial dimensions. Due to the symmetry of 
the atoms in the crystal, when an X-Ray beam interact with the sample, the beam is 
scattered in preferential directions defined by Bragg’s law (2d sin θ = n λ). Where d is the 
spacing between diffracting interatomic planes, θ is the incident angle, n is any integer, 
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and λ is the wavelength of the beam (Figure III.1.1.1). Constructive interferences are 
produced that are responsible for these reflections. 
The incoming beam interacts with the first plane of atoms producing scattered light that 
will interfere with light scattered from other planes. Only the crystals oriented with an 
angle θ from the initial beam result in constructive interference. In this case, part of the 
incoming beam is deflected by an angle 2θ, producing a reflection spot in the diffraction 
pattern. The diffraction pattern is characteristic for each crystalline structure, therefore 
the reflections can be used to determine the structural parameters, in this case the NPs. 
 
Figure III.1.1.1: Bragg’s law illustration. 
The powder X-Ray diffraction methodology consists of measuring a sample formed of 
small crystalline structures. In this Thesis, the samples are powders of nanoparticles. 
These kind of samples contain crystals in a random orientation respecting to the incident 
X-Ray beam. A monochromatic X-ray beam is interacts with the sample and the reflections 
are recorded. For any angle of measurement there are enough crystals with an 
appropriate suitable orientation to produce the reflection. The diffraction maximums for a 
given irradiation angle form symmetric cones, as it is shown in Figure III.1.1.2. 
 
Figure III.1.1.2: Reflecting cones due to the set up usually used for powder X-ray 
diffraction. 
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When all the possible angles have been measured, a pattern of concentric circles is 
obtained (Figure III.1.1.3). 
 
Figure III.1.1.3: Powder difractogram pattern; concentric circles. 
The distances between the circles correspond to planes of atoms capable of scattering X-
Ray and therefore, they can be used to determine the crystalline structure. 
Wide Angle X-ray Scattering (WAXS) is based on the same principles already described for 
powder X-ray diffraction. In these measurements, the scattered signal is collected 
especially at wide angles. This allows the study of materials presenting low repetition of 
crystalline structure such as nanoparticles. The structural parameters can be estimated 
after careful data treatments.5 
Powder X-ray analysis: determination of the crystalline structure of ZnO nanoparticles 
were performed by Laure Vendier at the Laboratoire de Chimie de Coordination (LCC). The 
diffractometer used is a Panalytical MPDPro device operating with copper Kα of 1.54059 
Å. The measurements were performed using samples introduced in 1.5mm diameter 
glass Lindermann® capillaries. 
WAXS analysis: all the samples in which crystalline properties were measured were 
analyzed by Pierre Lecante at the Centre d’Elaboration des Matériaux et d’Etudes 
Structurales (CEMES, CNRS-Toulouse). Molybdene Kα of 0.71069 Å was used as the 
irradiation beam. The signal intensity was treated in order to calculate the radial 
distribution function.5 The diameter of the Lindemann® glass capillaries in which the 
samples were measured was 1 mm or 1.5 mm. The metallic nanoparticle samples were 
prepared in a glove-box to avoid oxidation.  
III.1.2 Electron microscopy 
The amplification power of an optical microscope is limited by Abbe’s law. Those object 
smaller than visible wavelength, cannot be observed unless a linear beam of electrons is 
used. 
The operation of an electron microscope consists in three different basic parts: 
- Electron source to irradiate the sample. 
- Electromagnetic lens, whose position can be varied to direct the electrons 
towards the sample. 
- A detector depending of the nature of the analysis. 
Entry of X-Ray Exit X-Ray
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There are different classes of electron microscopy. During this work, transmission 
electron microscopy (TEM), scanning electron microscopy (SEM) and high resolution 
transmission electron microscopy (HRTEM) were used. In all cases, the visualization of 
the samples comes from the interaction of an electron beam with matter. The nature of 
the interaction can lead to different effects. 
 - Secondary electrons: when the beam passes through the sample close to the 
nucleus of an atom it can provide enough energy for the atom to produce inner-layer 
electrons that “jump” out of the atom. The energy of these electrons is low (below 5 eV), 
therefore they need to be at the surface of the sample be emitted and detected. 
Secondary electrons give information about the topography of the sample. They are 
mainly detected for SEM analysis. 
 - Retro-scattered electrons: are produced when the incident beam hits the nucleus 
of the atom directly. The intensity of these electrons varies extensively with the atomic 
number of the atoms that the incident beam hits. They are also detected in SEM analysis 
investigate the atomic composition of a surface. 
 - Auger electrons: when a secondary electron is emitted from the sample it can 
leave a hole that can be occupied by an electron of the outer layer. This internal 
recombination implies emission of an electron of the outer shell as a resultant process. 
They are detected to study the composition of extremely small surfaces. 
- X-ray: during the process described for auger electrons, excess of energy can be 
emitted as X-rays. This light is characteristic for each element of the sample. The energy 
of the emitted X-rays is much higher that the Auger electrons, hence the study of larger 
sample volumes is possible. 
The observation of very thin samples by transmission microscopy leads to other effects. 
These are discussed below: 
- Transmitted electrons: pass through the sample without interaction. The number 
of the transmitted electrons is inversely proportional to the sample thickness. They 
present themselves as sections of brilliant in TEM images. 
- Elastic-scattered electrons: are deflected from their original path by the atoms of 
the sample without energetic changes and then transmitted through the sample. For 
crystalline materials the electron deflection occurs a fixed angle according to the 
irradiated light wavelength and the distance between interatomic planes (Bragg’s law). 
These electrons bring information about the crystalline structure of the sample. The 
interferences between the deflected and the transmitted electrons are used to increase 
the contrast and allow high resolution images to be obtained (principle of HRTEM). 
- Inelastic-scattered electrons: are deflected from their original path by the atoms 
of the sample with loss of energy and then re-transmitted or scattered for a second time. 
The latter elastically scattered electrons form Kibuchi lines (useful when studying 
crystalline structures). 
 [EXPERIMENTAL SECTION] 
 
81 
 
Figure III.1.2 indicates the differences between a transmission and a scanning 
microscope (mainly the detector location): 
 
Figure III.1.2: Transmission electron microcope (left) and scanning electron microscope 
(right). 
With TEM, the detection system is located along the same axis as the incident beam in 
order to detect the transmitted electrons (TEM) or interferences between scattered and 
transmitted electrons (HRTEM). With SEM, the detector system is located at a different 
angle in order to detect secondary or retro-scattered Auger electrons (depending on the 
nature of the analysis). 
 
III.1.2.1 Transmission electron microscopy (TEM) 
TEM analysis: measurements were performed at the Service Commun de Microscopie 
Electronique de l’Université Paul Sabatier (TEMSCAN) headed by Lucien Datas in 
Toulouse. The device used is a microscope JEOL 1011 (acceleration tension of 100 kV 
and separation power of 0.45 nm, equipped with a digital camera to acquire the images). 
All the samples were deposited on copper grids coated with an amorphous carbon thin 
film (20 to 30 nm thickness). The procedure relies on the dispersion of the particles in a 
chosen solvent. Two or three drops of the subsequently formed colloidal solution are 
added to a carbon film. Upon solvent evaporation the nanoparticles deposit on the grid. In 
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order to avoid pollution during measurement in the microscope, all samples are dried in 
vacuo (10-5 torr) overnight. The images taken are treated using the computer program 
imageJ. The size histograms were obtained by counting the diameter of at least 300 
particles. The histogram data are fitted by a Gaussian curve. The average size of the 
particles is represented by maximum of this curve while the size distribution is obtained 
at half-height of the curve by dividing by two (standard deviation). 
III.1.2.2 High resolution transmission microscopy 
(HRTEM) 
HRTEM analysis:  high resolution TEM images (HRTEM) were obtained using a JEOL JEM 
2010 microscope (acceleration tension of 200 kV and separation power of 0.23 nm) in 
collaboration with V. Collière and L. Datas at the Service Commun de Microscopie 
Electronique de l’Université Paul  Sabatier, Toulouse. All the samples were prepared 
following the same procedure described for TEM. 
III.1.2.3 Scanning electron microscopy (SEM) 
SEM analysis: these measurements were performed using a JEOL JSM 6700F 
microscope (field effect gun, acceleration tension from 0.5 to 30 kV, separation power of 
1 nm at 15 kV and 2.2 nm at 1 kV). All the samples were deposited on a copper grid 
coated with an amorphous carbon film, similarly to the preparation of TEM and HRTEM 
samples. In order to assure the sample electric conductivity and evacuate the electrons, 
the edge of the grids is covered with a silver lacquer. The samples are subsequently 
supported on an aluminum sample bearer. All the measurements were performed by V. 
Collière at Service Commun de Microscopie Electronique de l’Université Paul Sabatier, 
Toulouse. 
III.2 Characterization of colloidal solutions  
Some techniques have been applied during this work to further understand the colloidal 
systems formed by nanoparticles. Physical properties related to the inorganic core such 
as ultra-violet visible absorbance spectroscopy (UV-Vis) or photoluminescent properties 
(PL) were investigated. Additionally, the system particle + stabilizing agent + solvent have 
been studied by different means. The particle size in solution was studied by dynamic 
light scattering (DLS), the charges in solution were determined by zetametry (Zeta 
potential) and the interaction between the particle surface and the stabilizing agent was 
investigated by nuclear magnetic resonance (NMR). The principles of each technique, as 
well as the experimental procedures, are explained below. 
The particles in solution are coated by a double layer. Figure III.2 shows a model 
representing spherical charged particles in solution.  
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Figure III.2: Model representing a spheric particle in solution. 
The nanoparticles are represented as the brown sphere. Considering a negatively 
charged particle, the closest layer to the surface possesses ions of opposite charge that 
are strongly bound to the particle (Stern layer). A second layer, related to the ionic 
distribution, electrostatic forces and thermal movements is formed on top of the first 
layer. Both layers together form what is called the double diffuse layer. This double layer 
remains unchanged as the system moves in solution. The outer edge of the double layer 
region is defined as the slipping plane.  
The concept of hydrodynamic radius (or Stokes-Einstein radius) refers to the radius of a 
hard sphere that diffuses at the same rate than a charged nanoparticle in solution. Zeta 
potential (ζ-potential) is defined as the electric potential of a charged particle at the 
slipping plane. 
III.2.1 Dynamic light scattering (DLS)  
In order to investigate the hydrodynamic radius and colloidal stability of NPs stabilized 
with organic molecules in solution, DLS measurements were performed. 
Principle: when light interact with small particles it is scattered in all directions (Rayleigh 
scattering). If a laser is used as a light source (monochromatic and coherent light) and 
colloids are moving in solution, a time-dependent fluctuation in the scattering intensity 
can be observed. This fluctuation in the intensity of the scattered light contains 
information about the time scale of Brownian movement of the particles. This reasoning 
is based on Mie’s theory (analytical solution of Maxwell equations). 
The autocorrelation curve is generated from the intensity trace as follows: 
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(Autocorrelation function g(q;τ) at a particular wave vector (q), sample delay time τ, and 
intensity I). 
The plot of the autocorrelation function versus delay time (Figure III.2.1) shows that at 
short time delays (τ), the correlation is high. The particles do not have a chance to move 
to a significantly from their initial position. Comparison of two signals after in a short time 
interval shows that they are essentially similar. As the time delays becomes longer, the 
correlation starts to exponentially decay to zero, meaning that after a longer time period, 
there is no correlation between the scattered intensity of the initial and final positions. 
 
Figure III.2.1: Decay of an autocorrelation function. 
This decay correlation is related to the Brownian motion of the particles, specifically to 
the diffusion coefficient. To fit the decay (i.e. to fit the autocorrelation function, Figure 
III.2.1), numerical methods are used, based on calculations of assumed size 
distributions. Brownian motion describes thermal position at fluctuations of small 
particles. The dynamic information of the particles is derived from an autocorrelation of 
the intensity trace recorded during the experiment. In the case of monodisperse spherical 
particles this function can be easily related to the diffusion coefficient. For spheric and 
monodisperse particles, the decay is simply a single exponential characterized by a 
constant τr. 
This value allows the calculation of the diffusion coefficient according to the equation: 
τr= 1/Dq
2
 
(q is the value of the wave vector and is defined by q = (4π)sin(θ/2)/λ, where θ is the 
measuring angle of the device and λ the light wavelength). 
Following the Stokes-Einstein equation the hydrodynamic radius (Rh) can be calculated:  
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Rh = KT/6πηD. 
(η is the solvent viscosity, K is the Boltzmann constant , D is the diffusion coefficient and 
T is the temperature in Kelvin). 
Analysis: DLS measurements were performed using a Malvern Instrument Zetasizer 
NanoZS with an angle of measurement of 173° (back scattering) at a given temperature. 
The light source is a Laser He-Ne with a wavelength of 633 m. Temperature is monitored 
to ± 0.1 °C by Pelletier effect. The size distribution was obtained by performing the 
mathematical algorithm “Non Negative Least Squares” (NNLS). 
III.2.2 Zetametry  
Zetametry measures the zeta potential (ζ-potential) which defines the electric charges of 
a particle in solution at the slipping plane (Figure III.2). This value brings information 
about the quality of the electrostatic stabilization of the colloids. 
Principle: when an electric field is applied to a colloidal solution of charged particles, the 
microelectrophoresis phenomenon is observed. The charged particles and their electric 
bilayer will move towards the oppositely charged electrode. At equilibrium, the intensity of 
the friction forces that appear by opposition of the molecules of the solvent to the particle 
movement is equal to the intensity of the electrostatic forces. Particles will move in the 
solution with a constant velocity that depends on the electric field applied and the 
medium characteristic (dielectric constant and viscosity). The determination of the 
migration velocity allows the calculation of the ζ-potential as well as the electrophoretic 
mobility. It is expressed as: 
μ = V/E 
(V is the migration velocity (μm s-1), E is the electric field (V cm-1), μ is the electrophoretic 
mobility (m2 s-1 V-1)). 
The use of Henry’s law allows the zeta potential to be calculated: 
μ = ε ζ [1+ f(ka)]/6πη 
(ε is the dielectic constant, ζ is the zeta potential, η is the medium viscosity (1 cp at 25 
°C in the case of water), f(ka) is Henry’s function whose value depends on the solvent (for 
water 1.5 according to the Smoluchowski approximation; in organic solvents the value is 
1.0 following the Huckel approximation), a is the particle size, (1/k) is the bilayer 
thickness (k is the Debye Huckel parameter)) 
Analysis: zeta potential (ζ) is measured using a Malvern Instrument Zetasizer NanoZS 
with an angle of measurement of 173° at a given temperature. The light source is a 
Laser He-Ne with a wavelength of 633 m. Temperature is monitored to ± 0,1 °C by 
Pelletier effect. The measurement of the zeta potential in organic solvents was possible 
using a special electrode furnished with the measuring device. 
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III.2.3 Nuclear magnetic resonance (NMR) 
NMR spectroscopy: when certain atomic nuclei are exposed to magnetic fields they 
absorb electromagnetic radiation in the region of radio frequencies. The exact frequency 
absorbed by each nucleus depends on its atomic environment. Therefore, this 
information can be used to determine the structure of the molecule in which this nucleus 
is involved. NMR is one of the principal techniques used to obtain physical, chemical, 
electronic and structural information about molecules. 
Diffusion-Ordered SpectroscopY (NMR DOSY) principle: This technique combines a 
magnetic field pulse and a spin “echo” sequence (180° resonant radio frequency 
pulse).6 Between two pulses the species in solution have sufficient time to diffuse. With 
each pulse a proton spectrum is recorded. The intensity of the magnetic field is increased 
each pulse leading to a decrease of the peak intensity in the proton spectrum. When the 
Neperien logarithm of the intensity of a given peak (Ln (I/I0)) is plotted against the square 
of the magnetic field intensity field (G2), a straight line is obtained. The slope of this line is 
proportional to the diffusion coefficient (D) of the species:  
Ln (I/I0) = - (γδ)2 D (Δ– δ/3)G2 
(I and I0 are the intensity in presence and absence of pulse, γ is the pulse duration, δ is 
the delay between pulses, D is the diffusion coefficient, G is the field pulse intensity). 
Using reverse Laplace transformations 2D NMR DOSY spectra can be directly plotted. The 
x axis presents the proton spectra of the molecule while the y axis shows the diffusion 
coefficients of the molecule. 
This technique allows the discrimination of molecules in a mixture. The diffusion 
coefficient is characteristic for each molecule if the variables of the experiment are 
controlled.7 The measurement of the diffusion coefficients of organic molecules allows 
physico-chemical information to be gained regarding a mixture of species in solution. For 
example, the diffusion of a surfactant is slower if it is organized or bound to a surface 
compared to that of free molecule. 
Controlling parameters such as concentration, viscosity, convection currents or 
precipitation phenomena are especially important for these experiments. These 
parameters are monitored by adding an internal standard: tetramethylammonium 
chloride (NMe4Cl); which is a small water soluble molecule. Specifically, the standard 
molecules have a well known diffusion coefficient and do not interaction with other 
species in the medium solvent. 
According to the Stoke-Einstein equation (see DLS) the hydrodynamic radius of the 
diffusing species can be deduced from the Rh of the standard molecule: 
Dobject / DNMe4Cl = Rh NMe4Cl / Rh object 
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To summarize, this technique bring information about the surface interaction of the 
stabilizing agent with the particle surface and the colloidal behavior of the particles 
(complementary i to DLS analysis). 
Analysis: 1H NMR and DOSY measurements were performed by Yannick Coppel, from the 
Service de RMN du Laboratoire de Chimie de Coordination, Toulouse. A Bruker Advance 
500 spectrometer was used for the measurements. The organic deutered solvents 
(toluene, dichloromethane, THF) were dried using molecular sieve previously activated at 
180 °C over 12 hours under vacuum. All the samples for which DOSY experiments where 
performed contained 2 mg of NMe4Cl in order to evaluate changes in the medium.  
III.2.4 UltraViolet-Visible absorbance spectroscopy (UV-Vis)  
Principle: this technique involves the irradiation of matter with light of energy in the ultra-
violet/visible region (190 to 800 nm). Light is absorbed by the valence electrons of the 
sample promoting these electrons to excited states. The energy absorbed by a substance 
can be determined by measuring the ratio between the intensity transmitted (I) over the 
intensity incident (I0). This ratio allows quantitative determination of the concentration of 
the absorbing species in solution, using the Beer-Lambert law: 
A = - log10 (I / Io) = ε c L 
(A is the measured absorbance, I0 is the intensity of the incident light at a given 
wavelength, I is the transmitted intensity, L the pathlength through the sample, c the 
concentration of the absorbing species and ε is the molar extintion coefficeint). 
In the case of inorganic semiconducting nanoparticles there is a relation between 
absorbance properties and band-gap energy. The value of this energy depends on the 
material and particle size. Figure III.2.4 shows the typical UV absorbance spectrum of ZnO 
NPs dispersed in CH2Cl2 by way of example. 
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Figure III.2.4: UV absorbance spectrum of ZnO/1eq OA NPs dispersed in CH2Cl2. 
The typical feature of ZnO NPs is the strong absorbance increase observed between 380 
nm and 350 nm. This absorbance is related to transitions between the valence band and 
the conduction band. 
Analysis: The apparatus used to perform the measurements is a Hewlett Packard HP 
452A Diode Array Spectrophotometer or a Varian Carry 100. Quartz cells with an optical 
pathlength of 1 cm were used. 
III.2.5 Photoluminescent properties (PL) 
Principle: as already explained when ultra-violet/visible light is absorbed by matter; the 
valence electrons are excited to states of higher energy. When the electron decays light is 
emitted. ZnO nanoparticles show a fluorescence emission in the visible region. The color 
of the light emitted depends on the average particle size of a nano-object. Figure III.2.5 
show images taken of the light emitted by ZnO/OA NPs as a function of the excitation 
wavelength. 
 
Figure III.2.4: Light emitted by ZnO/OA NPs under different excitation wavelengths.
8
  
Analysis: photoluminescent measurements were performed using a spectrofluorometer 
PTI (Photon Technology International) equipped with a 175 watts Xenon lamp EIMAC. All 
the spectra are automatically corrected from the apparatus response. Quartz cells (1 cm 
optical pathlength). The spectral resolution of the slides is 2 nm. 
III.3 Organization of surfactants in solution (interfacial 
tension) 
At the liquid/air interphase the forces over a molecule in solution are lower than the 
same molecule at the interior of a liquid. The liquid tends to minimize the energy adopting 
a curvature in order to reduce the surface exposed to air. The interfacial tension is 
defined as the energy needed to increase the surface of a liquid of one area unit. 
Pendant drop method principle: the principle of this method relies on the equilibration 
between gravity forces and surface tension forces in a pendant drop. A liquid drop hangs 
λexc [320 – 360] (nm) λexc [370 – 420] (nm) λexc [360 – 370] (nm)
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from a syringe needle in hydromechanical equilibrium conditions, the curvature adopted 
by the pendant drop allows the calculation of the interfacial tension. 
Using mathematical treatment, the deformation of the experimental drop is compared to 
a theoretical one. This treatment is not going to be discussed here. However calculation 
of the surface tension has been carried out.  
Analysis: solutions containing increasing quantities of surfactants are measured by this 
methodology. The samples are introduced via a plastic syringe. The needle used was 
1.463 mm in diameter. The measurements were taken at 22 °C. The device was 
equipped with a camera capable of taking photos of the drops. Twelve drops are 
measured for each sample. The final value for each surfactant concentration is the mean 
of the obtained values. A plot of surfactant concentration versus interfacial tension allows 
information about the organization of the molecules in solution. 
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I. Introduction 
The properties of zinc oxide nanoparticles synthesized using the organometallic approach 
developed in our research group have been extensively studied. As result, optical 
characterizations of spherical and rod-like particles,1 particle organization in 2D and 3D 
supercrystals,2 and surface state studies by Raman spectroscopy3-5 have been published. 
In addition, the methodology employed for the synthesis of ZnO NPs has extended to 
other metal oxide nanoparticles including semiconducting materials, magnetic materials 
and mixed metal oxide materials.6 The ligands used to stabilize these syntheses were 
long-alkyl chain amines, long-alkyl chain carboxylic acids or mixtures of the two. These 
stabilizers allow control of the particle morphology and the resulting properties of the 
nanocrystals. TEM micrographs of ZnO NPs are shown in the Figure I.1. 
 
Figure I.1: TEM images of ZnO NPs synthesized by organometallic approach using 
different stabilizers. 
Carole Pages described within her Thesis the nature of the ligand interaction at the 
particle surface.7 A series of conclusions can be drawn from her work: i) the functional 
groups of the long-alkyl chain ligands have shown various coordination modes at the 
particle surface ii) in all cases, fast surface coordination-decoordination equilibrium 
processes are observed iii) the strength of the interaction between the polar groups of the 
ligand (amine, carboxylic acid or both) and the particle surface are weak for amines and 
stronger for carboxylates are presented. As interaction with the nanoparticles occurs via 
amine or carboxylate functionalities, the hydrophobic alkyl chains extend toward the 
solution. In the case of particles stabilized by an amine/carboxylic acid stabilizing mixture 
a double layer is formed. 
A scheme illustrating ligand configuration is shown in Figure I.2 (organic phase). The 
solubility properties of these systems are explained by the hydrophobic coating (in the 
case of single ligand stabilization) or rupture of the ionic pair leading to a hydrophobic 
coating exposed to the solution (in the case of mixed ligand stabilization). These systems 
were able to form colloidal solutions in organic solvents but remained un-soluble in protic 
solvents.  
One remarkable characteristic of surfactant species is their ability to form self-assembled 
objects in solution (amphiphilic properties). The definition of an amphiphile is a molecule 
that contains one hydrophilic head group that is attached to at least one hydrophobic 
100 nm 100 nm100 nm
ZnO/OA/OlAc in CH2Cl2 ZnO/OA in CH2Cl2ZnO/OlAc in Toluene
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chain. This molecules are soluble in both polar and non-polar solvents. When molecules 
of this type are dispersed in water and a certain concentration is reached (critical micelle 
concentration, CMC), they spontaneously form organic ordered structures. Under such 
conditions, the hydrophobic groups are arranged so as to decrease the unfavorable 
enthalpy associated with their contact with water. Monolayers, micelles, vesicles or 
liposomes are some of the potential organizations.8-9 
Strategies that enable the transfer of NPs from an organic solvent to water by the 
formation of double layers have been extensively discussed in the Introduction. These 
procedures are based on hydrophobic-hydrophobic interactions between surfactants 
already attached to the particle surface and the secondly surfactant added. Testing this 
approach with ZnO NPs, as they present suitable long-alkyl chains to form bilayers, was a 
natural step. Observation of a mechanism similar to the one shown in Figure I.2 can be 
expected. 
 
Figure I.2: Bilayer formation as a mechanism for the transfer ZnO NPs stabilized either 
by long-alkyl chain amines or long-alkyl chain carboxylic acids to water. 
A selection of surfactant molecules and polymers were chosen to try to transfer ZnO 
nanoparticles to water. The specific characteristics of these species as well as the 
procedures tested are discussed in the following. 
II. Preliminary tests 
ZnO nanoparticles were synthesized following the experimental procedure already 
described (see Experimental Section). Different long alkyl-chain stabilizers are located at 
the particle surface (octylamine (OA), oleic acid (OlAc) and a mixture of both). It needs to 
be pointed out that when the synthesis using octylamine (OA) is performed in the absence 
of solvent, rod-like particles are obtained. Thus, four different nanoparticle systems were 
tested to establish their ability to be transferred to water: ZnO/OA, ZnO/OA-rods, 
ZnO/OlAc and ZnO/OA/OlAc. 
Bulk ZnO has a band-gap energy of 3.35 eV that can slightly vary with temperature.10 In 
accordance with this, a ZnO absorption peak around 370 nm is obtained by UV 
spectroscopy. Thus, UV absorbance was used to determine successful transfer of ZnO 
NPs to water.  
ZnO
Organic phase Water
Surfactant
Stabilzer used during the synthesis
Polar groups
Hydrophobic group
ZnO
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In order to investigate the transfer of particles of this type to water, a series of surfactant 
and other molecules were selected. Some of these molecules are illustrated in Figure II. 
Surfactants including nonionic, cationic, anionic, catanionic or zwiterronic species were 
proposed. Selection was based upon variations in the functional groups and their 
charges, the length of hydrophobic and hydrophilic groups and potential biocompatibility. 
 
Figure II: Surfactants, polymers and dendrimers tested for the transfer of ZnO/OA, 
ZnO/OlAc and ZnO/OA/OlAc to water. 
The list was composed of aminodecanoic acid, sodium lauryl sulfate, N-
dodecylammonium chloride, lauric acid, genamin (alkyl bis-ethanol amine), Lipoid® 
S100, phosphatidyl choline, Brij® 700, Brij® 30, Brij® 36, Brij® 76 and Brij® 78. 
In addition, polymers such as block copolymers (Pluronic® 123, Pluronic® F88, 
Pluronic® 127) linear polymers (poly(methylacrylate), hyperbranched polymers 
(poly(ethylene amine 5000 and 25000 or poly(glycerol) amine), dendrimers (polyamido 
amine) or polysaccharides (amylum) were also studied. These species were tested for the 
transfer of the ZnO NPs following the experimental procedures described in the following 
paragraphs. 
II.1 Direct solubilization 
After hydrolysis of the organometallic precursor and solvent evaporation, ZnO NPs are 
obtained as powders. One feasible strategy for the transfer of these particles to water is 
the direct solubilization of the powder into aqueous surfactant solutions. Vials containing 
increasing amounts of ZnO NPs were prepared (from 1 mg to 4 mg) and subsequently 
aqueous surfactant solutions were added (concentrations from 0.2 mM to 10 mM). 
In all cases the particles were not soluble. Milky solutions are obtained when the mixtures 
are sonicated under heating at 50 °C for one hour. These solutions were filtrated using a 
0.45 μm Nylon filter to obtain transparent mixtures that are analyzed by UV spectroscopy. 
No absorption peaks were observed. It can be concluded that this experimental 
procedure is not applicable for ZnO NPs stabilized by OA, OlAc or OA/OlAc. It needs to be 
Brij® surfactants Pluronic® triblock polymers
Dendrimer Zwitteronic species
-
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pointed out that direct solubilization of these powders into organic solvents such as 
dichloromethane or toluene leads to stable ZnO colloidal solutions as confirmed by 
observation of a strong absorbance around  370 nm by UV spectroscopy (see 
Experimental Section). 
II.2 Addition of the surfactant to an organic phase 
The solubility properties of the powders in organic solvents are indeed limited. 
Redispersion of the powder in solvents miscible with water such as tetrahydrofuran (THF) 
rendered turbid solutions. Transparent solutions were obtained in dichloromethane 
(CH2Cl2), chloroform, and toluene for the systems stabilized by OA (spherical particles and 
rods) and OA/OlAc. In the case of the ZnO/OlAc system, transparent solutions were 
obtained only when the powder is dispersed in toluene.  
Different quantities of powder (from 1 to 4 mg) were mixed with increasing amounts of a 
surfactant from the Brij® family (Brij® 30, Brij® 36, Brij® 76 and Brij® 78) and 
subsequently, to this was added 2 mL of organic solvent CH2Cl2 (ZnO/OA and 
ZnO/OA/OlAc) or toluene (ZnO/OlAc). The surfactant quantities were calculated in order 
to obtain concentrations in the organic solutions between 1 and 5 mM (values slightly 
higher than the CMC i.e. minimal concentration necessary to observed self-assembled 
objects). Brij® structures normally presents lower CMCs than 0.2 mM.11 The organic 
solutions were evaporated at ambient temperature. A solid residue is obtained to which 2 
mL of water is added obtaining, in all cases, turbid “milky” solutions. Filtration using 0.45 
μm Nylon filters was performed in order to test for the presence of ZnO nanoparticles in 
solution by UV spectroscopy. No absorption peak characteristic of ZnO was observed. 
Consequently, the procedure is not useful for the transfer of ZnO NPs to water. 
II.3 Biphasic extraction 
Organic solutions containing different NP concentrations were prepared in vials (CH2Cl2 
for ZnO/OA and ZnO/OA/OlAc and toluene in the case of ZnO/OlAc) and subsequently 
water solutions with different concentration of the species listed in paragraph II were 
added to the vials forming, in all cases; biphasic systems due to immiscibility between 
solvents. After mixing both phases by agitation, the samples were left until phase 
separation has occurred. The aqueous fraction is collected and the procedure is thrice 
repeated using similarly concentrated aqueous solutions. Potential phase transfer of NPs 
was monitored by UV spectroscopy. In all cases the collected solutions were transparent, 
however no absorption related to the presence of NPs was observed.  
II.4 Biphasic mixture and organic solvent evaporation 
Similarly to liquid-liquid extraction, two different phases are put in contact. On one side, 
an organic nanoparticle solution (ZnO/OA and ZnO/OA/OlAc in CH2Cl2) is prepared. On 
the other side, aqueous solutions of selected species are added to the organic mixture. 
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Both phases are not soluble. In order to favor the transfer process the mixtures are 
agitated. Stirring is maintained for two hours to ensure complete evaporation of the 
organic solvent. Figure II.4 shows the UV absorption spectra for 8 samples with variation 
of the organic species. The concentrations were 0.5 mM (Stardust PAMAM, 
poly(methacrylate) and PEI 5000) while 3 mM for all the other species. Figure II.4 shows 
absorptions between 300 nm and 600 nm for the obtained aqueous solutions compared 
to ZnO NPs in an organic solvent. 
 
Figure II.4: UV spectra aqueous solutions compared to ZnO/OA in CH2Cl2. 
The spectrum represented by pentagons corresponds to ZnO NPs stabilized using one 
equivalent of OA. This sample shows a sharp absorbance increasing around 380 nm 
which is attributed to the colloidal ZnO nanocrystals. For the other samples no absorption 
peak attributed to ZnO nanoparticles is observed. Due to the presence of organic objects 
in solution a portion of the light is scattered. The self-assembly processes lead to the 
experimental profile of the aqueous solutions containing surfactants (increasing 
absorbance values as the incident energy increases). It cannot be determined whether 
ZnO/OA NPs have undergone transferred to water by incorporation inside the organic 
structures. Further characterization cannot be performed for samples presenting high 
light scattering. The whole procedure was therefore considered unsuccessful for the 
transfer of ZnO/OA and ZnO/OA/OlAc NPs. 
III. ZnO NPs water transfer using surfactants 
During the preliminary tests a lot of effort was devoted to the application of Brij® 
surfactants to induce phase transfer by different approaches. The structure of these 
molecules is shown in Figure II and consists of one hydrophobic long alkyl-chain and one 
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long hydrophilic PEG-based chain. A priori, by varying the length of the chains (choosing 
the right molecule from the family) and finding the right concentration to lead to the 
formation of double bilayers with the long-alkyl chain stabilizers already linked to the NP 
surface is feasible. However, as already mentioned, all the procedures discussed gave 
unsuccessful results. Either the double layer is not formed or it is formed but the system 
is not stable enough to keep the particles in water. 
In order to improve the stability, the introduction of charges was proposed to induce 
further electrostatic stabilization. In accordance with this, structurally similar molecules 
presenting modifiable functional groups seemed to be a step forward. A family of 
commercially available surfactants was found containing variable chain lengths and 
natures of the hydrophobic chain, while showing a PEG based hydrophilic chain ended by 
a carboxylic acid group (structures shown in Figure III). Hence, molecules of this type 
possess the mentioned prerequisites to potentially improve the stability of the bilayer. 
This surfactant family was named brij acid. 
 
Figure III: Molecules similar to Brij
®
 containing potentially charged groups. 
The surfactant molecule, glycolic acid ethoxylate lauryl ether is similar in structure to the 
Brij® family but contains a carboxylic acid group. It is commercially available with different 
average molecular weights (Mw or Mn ≈ 360, 480 and 690 g/mol). The hydrophobic chain 
length are between x = 11 and x = 13 CH2 units. The length of the hydrophilic chain 
varies with the presentation of the product from y ≈ 2 for Mw ≈ 360 g/mol to y ≈ 9 for Mw 
≈ 690 g/mol. The species, glycolic acid ethoxylate 4-nonylphenyl ether shows an average 
length of the hydrophilic chain of seven -O-CH2CH2- units while in the case of glycolic acid 
ethoxylate oleyl ether it is around two units. 
Glycolic acid ethoxylate oleyl ether Mn ≈ 700
Glycolic acid ethoxylate 4-nonylphenyl ether Mn ≈ 600
Glycolic acid ethoxylate lauryl ether Mn ≈ 360, Mn ≈ 460, Mn ≈ 690
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These molecules were tested following similar procedures as those described in section II 
of this Chapter. They exhibit the ability to promote water solubility of ZnO nanoparticles 
stabilized by octylamine. The optimized procedures, as well as the characterization of the 
systems, are described in the following. 
III.1 Procedure 
Initial tests performed using the brij acid moieties allow for conclusion that the presence 
of carboxylic acid groups plays a role. Direct solubilization of powders and liquid-liquid 
extraction were still unsuccessful. 
In contrast, a successful procedure is based on taking the resulting solid from a ZnO/OA 
synthesis and dissolving it in 10 mL of an organic solvent (dichloromethane or 
chloroform). An aliquot of this solution (0.25 mL) is introduced into a flask equipped with 
a magnetic stirrer. A water solution of the surfactant species is then added forming a 
biphasic system. The system is magnetically stirred until the organic solvent is completely 
evaporated. The procedure is illustrated in Figure III.1.1. 
 
Figure III.1.1: Transfer of ZnO NPs to water using surfactant molecules similar to Brij
®
 
containing carboxylic acid groups. 
Depending on the nature of the surfactant, transparent or slightly turbid solutions are 
obtained. When the solution is turbid, filtration using a 0.45 μm Nylon filter is sufficient to 
yield transparent samples.  
In all cases, ZnO particles remain stable as observed by UV spectroscopy. Figure III.1.2 
shows the UV spectra obtained of ZnO/OA NPs in an organic solvent (CH2Cl2), (prior 
transfer to water), and once the particles are stabilized in water by addition of glycolic 
acid ethoxylate oleyl ether (71-2). The surfactant concentrations shown in Figure III.1.2 
are 0.5 mM, 1 mM, 2 mM, 3mM, and 5 mM.  
ZnO /OA
in 10 mL CH 2Cl2
Filtration neededZnO NPs in CH 2Cl2 
+ 2mL water
surfactant 
solution
ZnO NPs
powder
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Figure II.1.2: Absorbance spectra from ZnO NPs in water and organic solvent. 
The characteristic ZnO absorption is observed in all cases particles in CH2Cl2 (black 
squares) and the particles transferred and stabilized in water (rest of the symbols) 
indicating that the transfer is successful. Depending on the surfactant concentration the 
absorbance value at 350 nm changes; therefore the transfer yield depends on surfactant 
amount. In addition, the participation of scattered light to the experimental profiles also 
varies (absorbance values different from zero between 390 nm and 600 nm). It should 
be noted that the UV spectra of the aqueous solutions shown in Figure III.1.2 are not 
filtrated. The filtration step to yield transparent solutions is only required the three 
different glycolic acid ethoxylate lauryl ether species and glycolic acid ethoxylate 4-
nonylphenyl. Advantageously, the surfactant glycolic acid ethoxylate oleyl ether (71-2) 
produces directly transparent solutions. 
Attending to the results shown in Figure III.1.2, it can be concluded that an optimal 71-2 
concentration of 1 mM is required. The highest absorbance value at 350 nm is obtained 
in this case (higher nanoparticles yield transfer) with low light scattering contributions 
and requiring a low surfactant amount. In order to understand these results and 
investigate the particle transfer mechanism, the behavior of the surfactants in solution in 
the absence of particles was investigated. 
III.2 Surfactants in solution 
The brij acid surfactants presented here have been already employed for applications 
such as the synthesis of oligomers or polymers,12-14 the production of lubricating 
systems,15-17 cosmetics,18-20 or metal alloys.21-22 Their introduction to the field of 
nanoparticles has been already reported, either as building block for the synthesis of iron 
oxide stabilizers23-24 or in the formulation of aqueous solutions of ZnO NPs.25 It needs to 
be pointed out that these ZnO nanoparticles are synthesized following a different strategy 
compared to the organometallic approach proposed here. In addition, no experimental 
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data relating to the optical properties or stabilization mechanism are provided within 
these references. 
Formation of self-assembled structures is expected with brij acid molecules as they are 
amphiphilic. This behavior has been studied by interfacial tension measurements. These 
experiments were performed by measuring concentrations of various surfactant solutions 
using the pendant drop procedure (see Experimental Section). Plots of surface tension 
versus surfactant concentration are shown in Figure III.2.1. 
 
Figure III.2III.2.1: Surface tension measurements for two brij acid species. 
For aqueous solutions containing low surfactant concentration, the surface tension 
decreases until higher concentrations a plateau is reached. Figure III.2.1 shows the data 
for glycolic acid ethoxylate 4-nonylphyl and glycolic acid ethoxylate oleyl ether. Similar 
behavior is also observed for surfactants from the lauryl series. Those data points that 
are represented by empty symbols are related to surfactant concentration were turbid 
resulted. 
The calculation of the CMC (i. e. the onset of aggregation) can be performed using the 
plot of surface tension versus surfactant concentration. The plateau is fitted by a 
horizontal straight line while the rest of the curve is fitted according to equation III.2:  
γ = γ0 – (RT/A)*Ln(1+b[C])  Equation III.2 
γ is the surface tension (mN/m), γ0 is the surface energy value of water (mN/m), R is the 
gas constant (J/K mol), T is the measured temperature (K), A is the mean molecular area 
at the air/water interface (m2), b is the surface distribution coefficient that describes 
molecular interactions inside the assembled organic structures and [C] is the surfactant 
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concentration (mol/l)). The γ0 value is introduced as a free parameter in order to perform 
the fit  
The intersection between the fitted curve and the straight horizontal line corresponds to 
the critical micelle concentration. The parameters obtained from the fits and the 
intersection values for each surfactant are listed in Table III.2.1. 
Surfactant CMC 
(mol/l) 
Area 
(Å2/molecule) 
b (M-1) γplateau 
Glycolic acid ethoxylate 
4-nonylphenyl 
6.0 10-4 24.4 17310 30 
Glycolic acid ethoxylate 
oleyl ether 
4.8 10-4 44.4 153000 36.6 
Glycolic acid ethoxylate 
lauryl ether Mw ≈ 360 
3.2 10-4 11.4 8029 29.1 
Glycolic acid ethoxylate 
lauryl ether Mw ≈ 460 
2.2 10-4 14.3 8350 30.2 
Glycolic acid ethoxylate 
lauryl ether Mw ≈ 690 
5.1 10-4 38.9 79470 32.9 
Table III.2.1: CMC, mean molecular area and surface distribution coefficient obtained 
for each surfactant. 
The area occupied by the lauryl derived species increases with increasing hydrophilic 
chain length. Indeed the obtained values for the species with Mw ≈ 360 g/mol (11.4 Å2) 
and Mw ≈ 460 g/mol (14.3 Å2) are unexpectedly low. This fact can be related to the 
presence of a low number of -OCH2CH2 (around 2 or 5 respectively) leading to low surface 
behavior such in the case of alkyl-chain alcohols normally used as cosurfactants (low 
ability to form micelles on their own).26 Variations in area can be observed as a function 
of the nature of the hydrophobic group. In the case of the nonylphenyl group a value of 
24.4 Å2/molecule is observed whilst for the oleyl moiety a value of 44.4 Å2/molecule, 
which is a similar area found with alkyl-amines such as octylamine (around 45 Å2).27 
The obtained CMC value varies from 0.2 mM to 0.6 mM. The application of this 
concentration range or lower values for the transfer of ZnO NPs to water was 
unsuccessful. However, the transfer was possible (for all surfactants) at concentrations 
that are approximately two times the CMC value. Turbid solutions of lauryl derived 
surfactants and the nonylphenyl surfactant are obtained for concentrations 
approximately seven times that of the determined CMC. Such concentrations lead to 
solubility limits of the amphiphilic molecules. 
All surfactant solutions were transparent prior to nanoparticle phase transfer. However, 
as previously discussed, turbid solutions were obtained after particle stabilization in 
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water in some cases. Such a result can be explained by potential interactions between 
amine and brij acid functionalities. Systems with the same concentration in terms of 
OA:brij acid ration in the absence and including NPs were studied by interfacial tension. 
The results related to nonylpheynyl and oleyl surfactants are showed in Figure III.2.2. For 
the other species these results are presented in the Supporting Information. 
 
Figure III.2.2: Surface tension versus concentration for mixtures of Brij acid with 
octylamine with a ration 1:6.25. 
The plots shown in Figure III.2.2 correspond to the interfacial tension study of solutions in 
which the surfactant:amine ratio is constant while the concentration of both species is 
increased. The fully colored symbols represent transparent samples while the empty 
symbols relate to mixtures exhibiting turbidity. The profile of the obtained curves is 
dramatically different to those of the surfactant alone. The obtained CMC was 
significantly reduced in comparison to the same surfactant in the absence of OA in 
solution. In the case of the systems nonyl brij/OA, the CMC value decreases from 6.0 10-4 
M to 2.4 10-4 mol L-1. Oleyl/OA mixtures exhibited profiles with two clearly distinct 
plateaus at 44.4 mN/m and at 27.3 mN/m, respectively. Two CMC values can be 
calculated as a result for this example (data shown in Table III.2.2 
Surfactant CMC (mol/l) 
Nonylphenyl/OA 2.41 10-4 
Oleyl/OA 1st: 5.1 10-5 2nd: 2.7 10-3 
Table III.2.2: CMC calculation for surfactant/amine mixtures. 
The CMC behavior of these mixtures can be understood considering the formation of 
ammonium carboxylate species. A catanionic surfactant (surfactant formed by an ionic 
pair) is subsequently produced. Due to the ionic pair, complex reduction of CMC values of 
these mixtures compared to the brij surfactant alone is observed. Such an observation 
can be related to a decrease in the hydrophilic behavior of the formed species. Phase 
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changes of the organic structures have been reported for catanionic surfactants and are 
consistent with the two different CMC values.28 This hypothesis has yet to be confirmed. 
Turbid solutions were observed for surfactant/amine concentrations around that 
employed for transfer of ZnO NPs to water. As a result, it was decided to determine the 
brij acid concentration in which ZnO can be transfer to water without the formation of 
turbid solutions; i.e. to avoid the filtration step. In order to achieve this goal, a phase 
diagram for each surfactant/OA mixture was constituted by changing the ratio of these 
species in solution and observing their transparency. The diagrams of nonylphenyl and 
oleyl surfactants are shown in Figure III.2.3. Those of the remaining species these results 
are listed in the Supporting Information. 
 
Figure III.2.3: Phase diagram mixtures brij acid surfactant/OA. 
The red spots represent those concentration ratios in which transparent solutions were 
observed. The presence of well separated phases (biphasic systems) can be explained by 
very low solubility of the catanionic surfactant in water leading to a new phase that is not 
miscible with water. With high concentrations of amine and the nonyl brij surfactant three 
well separated phases can be observed. Triphasic systems can be produced due to an 
excess of amine not interacting with the brij surfactant. Octylamine exhibits low water 
solubility and yields a third immiscible phase. When mixtures of acid/amine are 
considered, the working range in which transparent solutions are obtained is reduced and 
a filtration step maybe required. With the use of glycolic acid ethoxylate oleyl ether (71-2) 
it was possible to obtain transparent solutions after transfer to water of ZnO NPs 
(concentration of 1 mM of 71-2 and 3.25 mM of octylamine). Which corresponds to the 
transparent region in the phase diagram related to the oleyl brij/OA system (Figure 
III.2.3). It was decided to focus the research on systems formulated using 1mM of 71-2 
brij acid molecule. This concentration can be considered as optimal for phase transfer as 
it was discussed during section III.1. 
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III.3 Transmission electronic microscopy 
Three different ZnO/OA syntheses were performed varying the concentration of amine 
(calculated according to the number of Zn atoms introduced in the synthesis). 
Respectively 0.25, 0.50 and 1 amine equivalents were used. The obtained powders were 
dispersed in organic solvent (CH2Cl2) and then, transferred to water using aqueous 
solutions containing 1 mM of surfactant (71-2). The size of the resulting stabilized 
particles in both solvents was obtained by analyzing the images obtained by TEM (Figure 
III.3.1) 
 
Figure III.3.1: TEM micrographs of particles dispersed in CH2Cl2 and water. 
Treatment of these images using ImageJ® software allows the size distribution for each 
sample to be calculated from the histogram by fitting using Gaussian curves. The average 
particle size and size dispersion were estimated for each synthesis in both CH2Cl2 and 
H2O. It is considered as average size the maximum determined by the Gaussian fit while 
standard deviation is calculated as the half-height value from the fit divided by two. 
100 nm
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Figure III.3III.3.2 shows histogram obtained with the same ZnO NPs dispersed in both 
organic and aqueous solvents. 
 
Figure III.3.2: Histograms calculated from TEM images. 
Data obtained from the image analysis are summarized in Table III.3.1. 
Solvent Sample Gaussian 
maximum (nm) 
Size dispersion 
(nm) 
Average 
size (nm) 
 
CH2Cl2 
ZnO/0.25 eq OA 7.04 2.15 7 ± 2 
ZnO/0.50 eq OA 5.00 1.07 5 ± 1 
ZnO/1.00 eq OA 4.27 1.13 4 ± 1 
 
H2O 
ZnO/0.25 eq OA/ 71-
2 
6.85 1.41 7 ± 1 
ZnO/0.50 eq OA/ 71-
2 
4.77 1.07 5 ± 1 
ZnO/1.00 eq OA/ 71-
2 
4.19 0.99 4 ± 1 
 
Table III.3.1: Average size and size dispersion of ZnO NPs dispersed in organic solvent 
and water. 
From Table III.3.1, it can be seen that when the amount of amine used for the synthesis 
decreases, the average particle size and size dispersion increases. Additionally, the 
average size keeps unchanged upon transfer to water. It can be then concluded that, the 
transfer to water using the brij acid surfactants does not alter the size of the as-
synthesized nanoparticles. 
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The following paragraphs will be devoted to the characterization and stabilization of the 
ZnO NPs transferred to water in comparison to their well known behavior in organic 
solvent. 
III.4 Yield of the transfer to water 
The success of ZnO NPs transfer procedure was monitored by UV spectroscopy using the 
characteristic absorption of ZnO NPs according to Beer-Lambert-’s law (Equation III.4). 
A = ε c L    Equation III.4  
The measured absorbance (A) is equal to the product of the sample pathlength (L), 
concentration (C) and molar extinction coefficient (ε). The last mentioned variable (ε), is 
unique for each absorbing species in a given solvent. Therefore knowing absorbance, 
pathlength and ε, concentration estimation is easy. Unfortunately the value of molar 
extinction coefficient for ZnO nanoparticles is not available in handbooks. In addition, the 
value might vary in different solvents. In order to determine the yield of transfer it was 
necessary to measure the ratio of the molar extinction coefficient in water and in 
dichloromethane. Aqueous ZnO/OA NPs colloidal solutions transferred using 71-2 were 
freeze-dried. Firstly a UV spectrum of the particles in water is recorded, and then the 
samples are dried. The whole solid residue is dissolved in the same volume of organic 
solvent (CH2Cl2) and a new UV spectrum is recorded. This way, absorbance spectra in 
both solvents at the same nanoparticle concentration could be compared. The results 
from this experience are shown in Figure III.4.1. 
 
Figure III.4.1: Comparison of the absorbance spectra of the same concentration of ZnO 
NPs in water and in dichloromethane. 
The black squares represent ZnO NPs dispersed in water previous to undergo freeze-
drying process while the red circles are related to the redispersion of these particles in 
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organic solvent. Both spectra are very similar so the extinction coefficient can be taken as 
identical. 
In order to ensure that no absorbance is observed due to the rest of the components of 
the colloidal solutions, UV spectra of OA, 71-2 and mixtures of both species were 
recorded as it is shown in Figure III.4.2. 
 
Figure III.4.2: Absorbance spectra of surfactants in water and dichloromethane. 
The spectra were recorded for surfactant and OA concentrations similar to those used 
during ZnO transfer to water. None of the spectra showed a significant absorption in the 
range of interest. The mixture of 71-2 and OA in water shows a little bit of light scattering 
however the absorbance value of 0.07 at 350 nm (blue line in the Figure III.4.2) is 
negligible in regard to the absorbance of ZnO NPs. Considering the relation εORG/εH2O 
= α, calculated according to Beer-Lambert’s law, α = 1.03. Additionally, assuming that 
the absorbance values at 350 nm are solely related to ZnO NPs, the comparison of 
absorbance values at 350 nm of ZnO/OA NPs in organic solvent and in water allows 
calculating the yield of the transfer to water. In agreement to this, syntheses containing 
different amine concentration were transferred to water using the surfactant 71-2. The 
compared UV in both organic and aqueous solvents are shown in Figure III.4.3. 
 
Figure III.4.3: ZnO UV absorbance spectra dichloromethane and after transfer to 
water. 
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In Figure III.4.3, black squares represent the UV spectra of the starting particles in 
organic solvent while the red circles represent the same sample in water. The yield of the 
transfer is calculated from the ratio of absorbance in water over absorbance in 
dichloromethane (organic phase) at 350nm. Regardless to the amine amount employed 
to perform the synthesis, the average yield is around 60 %. 
Additional information can be obtained from the sharp absorption linking 380nm and 
350 nm. This absorbance is related to band-gap energy value; hence related to the 
nanoparticle size. Performing the derivative of the absorbance spectra the inflexion point 
of the curve is obtained as a minimum. The derivative calculated for both ZnO NPs 
dispersed in organic solvent and transferred to water is shown in Figure III.4.4. 
 
Figure III.4.4: Derivative of the ZnO/OA NPs UV absorbance spectra in water in 
dichloromethane. 
The minimum of the lines shown in Figure III.4.4 corresponds to the inflexion point of the 
UV absorbance spectra curves. The smaller the particles are, the lower wavelength the 
minimum of the derivative is observed. Thus, the size trend already observed by TEM is 
reproduced in solution. Smaller particle size is observed as the amount of amine is 
higher. When the synthesis is performed using 1 equivalent of OA the inflexion point in 
recorded at 366 nm (≈ 3.39 eV) as it is represented by the black squares in organic 
solution and light green triangles in water. In the case of particles synthesized using 0.5 
equivalents of OA (red spots in organic solvent and pink triangles in water) the inflexion 
point is observed as intermediate between 366 and 368 nm due to UV device accuracy. 
According to the minimum observed (370 nm; ≈ 3.35 eV) larger particles are expected 
using 0.25 equivalents of OA during the synthesis. The same values were obtained 
checking the inflexion points in organic solvent and in water. 
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III.4.1 Transfer under neutral and alkaline pH conditions  
Aqueous solutions containing surfactant 71-2 (1mM) were prepared using buffer 
solutions. The acid/base pair selected was NaH2PO4/Na2HPO4 that allows controlling pH 
without interacting with the nanoparticles. The buffer solutions are ten times 
concentrated compared to surfactant concentration. The acid/base ratio varied in 
agreement to the desired pH value. The selected pHs were 7, 9 and 11. The transfer to 
water of ZnO/OA NPs dispersed in dichloromethane was tested using the surfactant 
buffer solutions. The obtained results are shown in Figure III.4.1 
 
Figure III.4.1III.4.1: ZnO/OA transfer to water using 71-2 buffer solutions at pH 7, 9 or 
11 compared to stating particles in dichloromethane. 
In all cases turbid solutions were obtained. After filtration, solutions became transparent. 
The amount of particle in the aqueous phase is either low (pH is 11, black squares) or 
negligible (pH 7 and 9; blue triangles and red spots respectively). An increase of the ionic 
strength could explain the observed low transfer. Indeed, it could lead to decreasing of 
the strength of the interaction amine/carboxylic acid groups and consequently a rupture 
of the catanionic surfactant. In agreement to this hypothesis the transfer procedure was 
tested in high ionic strength conditions. Aqueous surfactant solutions (1mM) containing 
NaCl (10 mg/l) were employed leading to turbid aqueous solutions. No ZnO NPs were 
observed by UV absorbance after filtration. 
To summarize, good nanoparticle transfer is observed when using 1 mM surfactant 
aqueous solution (71-2). The starting 71-2 solution presents pH values around 3. At that 
point we described medium modification previous to particle transfer to water. In the 
following, the quality of the stabilization of particles already transferred to water is 
described. 
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III.5 Sample storage and stability 
When ZnO NPs aqueous solutions are left at ambient temperature for more than 24 
hours, they start to show a slight turbidity. After another 24 hours “milky” solutions are 
finally obtained. These solutions are not measurable by UV spectroscopy due to light 
diffusion phenomena. After filtration transparent solutions are obtained but no ZnO 
absorption is observed by UV spectroscopy. Consequently the finding of conditions in 
which these solutions remains stable is fundamental. 
III.5.1 Sample storage 
Several procedures were tested in order to get stable solutions in time. The first one was 
to keep the samples at temperatures higher than ambient temperature. Storing at 30, 
40, 50 and 60 °C were tested without any positive result. The formation of turbid 
solutions seemed to be faster. These results are confirmed by measuring UV absorbance 
spectra of nanoparticle aqueous solutions at 80 °C during one hour (Figure III.5.1.1). 
 
Figure III.5.1.1: ZnO/71-2/OA behavior under heating conditions monitored by UV 
spectroscopy. 
The starting aqueous particles solution is presented as black squares. When the solution 
is heated, light scattering is observed (red spots between 380 and 500 nm). When the 
surfactant 71-2 is heated to the same temperature, solutions appear to be turbid. The 
solubility of the surfactant in water is reduced when temperature is increased. When the 
sample containing particles is left to go back to ambient temperature, the scattered light 
is still observed. Filtration is needed in order to obtain transparent solutions leading to 
partial loss of nanoparticles. Heating produce the lost of the solubility of the surfactant. 
Hence, particle stabilization in water is reduced leading to particle aggregation. According 
to the formation of aggregates, larger objects are removed by filtration using a Nylon filter 
0.45 μm (absorbance decreased). 
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The storage of the samples at lower temperatures than ambient temperature was also 
investigated. ZnO aqueous colloidal solutions transferred using the surfactant 71-2 were 
kept in a fridge at 10 °C. UV spectrum were regularly taken (Figure III.5.1.2). 
 
Figure III.5.1.2: ZnO/OA/71-2 stored in the fridge. 
The starting particles in water are represented by black squares. During the first fourteen 
days the absorbance value at 350 nm (≈ 3.54 eV) is increased compared to initial time 
due to increasing of light scattering. From the twenty first day in the fridge (light green 
triangles) to the thirty fifth day (light brown triangles) absorbance related to light 
scattering is still observable while the absorbance value related to ZnO NPs decreases. 
When the derivative of these curves is performed the minimum related to the inflexion 
point (particle size) is obtained. As the time is passing by, the initial time minimum (black 
squares) shifts from 366 nm (≈ 3.39 eV) to 364 nm (≈ 3.41 eV) the thirty fifth day (light 
brown triangles); particle size is smaller. The decrease of the particle size can to partial 
particle dissolution of the particles. 
According to these results, a logical idea was to try to keep the transferred particles as a 
solid until utilization. These way nanoparticle aqueous colloidal solutions were freeze-
dried. During Paragraph III.4 it was demonstrated that redispersion of the solid residue 
from freeze-dried sample in organic solvent respected particle integrity. In this case, 
instead of adding organic solvent, water was added to the residue. The result of this 
experience monitored by UV is shown in Figure III.5.1III.5.1.3. 
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Figure III.5.1.3: ZnO/71-2/OA redispersed in water after freeze-drying. 
The black squares in Figure III.5.1.3 represent the aqueous colloidal solution before 
drying. When the sample is freeze dried and the powder is redispersed in water, turbid 
solutions are obtained even after one hour under ultrasounds (red spots). Filtration was 
needed to obtain again transparent solutions. The whole process resulted of the loss of 
approximately 60 % of the originally dispersed particles in water. 
III.5.2 Chemical stability (pH changes) 
Depending on the amount of amine used during the synthesis the pH of the transferred 
ZnO NPs solutions can vary from 7.4 (0.25 eq OA) to 7.6 (0.50 eq OA) or 7.8 (1 eq OA). 
The initial pH of the surfactant aqueous solution is approximately 3. According to this, the 
amine excess can interact with the acid group of the surfactant forming ammonium 
caboxylate ionic pair that balances the pH. Two different acids were used in order to 
lower the pH namely hydrochloric acid and acetic acid. Acid amounts diluted in water are 
added to the colloids while measuring the pH continuously. The results from ZnO NPs 
stability in weak pH medium are shown in Figure III.5.2.1. Changes on the solutions were 
monitored by UV spectroscopy. 
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Figure III.5.2: ZnO/71-2/OA system low pH behavior. 
The addition of acid until obtaining a solution with pH = 3 leads to nanoparticle 
disappearance (red spots in the left plot). When base (NaOH) is added to this solution 
until shift of pH value from 3 to 12 (blue triangles in the left plot) the original system is 
not recovered, therefore particles have been dissolved. When the acid addition is stopped 
at pH = 5 (red spots in the right plot) ZnO absorption has only partially disappeared. No 
evolution on pH value or UV absorbance spectra is observed one day later (blue triangles 
in the right plot). ZnO nanoparticles instantly react towards acid medium but remained 
stable.  
When particles transferred to water (pH between 7 and 8) are exposed to base addition 
(pH = 12) no extensive absorbance decrease is observed, even after several days under 
identical pH conditions. The manipulation is illustrated in Figure III.5.2III.5.2.2. 
 
Figure III.5.2.2: ZnO/71-2/OA system high pH behavior. 
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To conclude: i) ZnO NPs in aqueous solutions are stable in neutral or alkaline conditions 
ii) introduction of low amounts of acid led partial consumption of ZnO NPs. 
III.5.3 Salt concentration stability 
Among the potential applications of ZnO NPs, biomedical and cosmetics are especially 
interesting. These applications require colloidal aqueous stability and stability in 
biological medium: stable in salt concentrated medium and at temperatures around 37 
°C. NaCl was added to nanoparticle aqueous solutions and UV absorbance spectra were 
recorded. Figure III.5.3 shows the results related to this experience.  
 
Figure III.5.3: ZnO/71-2/OA system salt concentration behavior. 
Lower absorption value at 350 nm (related to ZnO NPs) is observed when comparing 
starting aqueous particles (black squares) to salt containing sample (red spots). However, 
this difference can be motivated by contribution of light scattering. In order to remove the 
participation of scattered light the equation A = A0 + A1 λ-4 was used. A0 and A1 were 
determined by fitting the experimental data. Comparing corrected spectra for starting 
particles (green triangles) and salt containing sample (blue triangles) it can be observed 
slightly lower amount of ZnO NPs after salt addition. Increasing the ionic strength could 
produce the rupture of the catanionic surfactant leading to partial particle precipitation. 
III.6 Stabilization mechanism 
Although the transfer to water of ZnO/OA NPs was achieved, the mechanism is unknown. 
In order to investigate this issue some techniques including DLS, Zetametry, Fluorescent 
Spectroscopy and NMR were applied. 
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III.6.1 DLS and Zeta potential measurements 
TEM micrographs showed individually dispersed ZnO NPs in both organic solvent and in 
water. However, TEM experiments are run on dried samples and do not allow the 
observation of the organic coating. Dynamic light scattering (DLS) brings information 
about the size of nanoparticles with its organic and even ionic surrounding within the 
solvent. On the other hand, zeta potential measurements provide information about the 
charge of the particles in solution which is related to electrostatic stabilization. 
The three ZnO/OA NPs synthesis (different OA quantity) were dispersed in CH2Cl2 and in 
water. DLS and zeta potential measurements were performed. Results for every sample 
are shown in Table III.6.1. 
Sample DLS CH2Cl2 DLS water ζ potential CH2Cl2 ζ potential water 
ZnO 0.25 eq OA 14.7 nm > 50 nm 20.3 mV - 41.7 mV 
ZnO 0.50 eq OA 11.4 nm 15.5 nm 18.9 mV - 42.0 mV 
ZnO 1.00 eq OA 10.7 nm 14.1 nm 12.3 mV - 40.3 mV 
Table III.6.1: Hydrodynamic diameter and ζ potential values. 
Variations on the hydrodynamic diameter of the starting nanoparticle colloidal solutions 
in organic solvent from 10 nm to 14 nm are observed when the amount of amine 
increases from 0.25 to 1 eq. These results are in agreement with the average size of the 
inorganic core depending on the amine amount used for nanoparticle synthesis 
(demonstrated by TEM). When the same samples are transferred to water by addition of 
the brij acid surfactant (71-2), an increase of approximately 3.4 nm in the hydrodynamic 
diameter value is measured (the sample ZnO 0.25 eq OA in water showed bad 
autocorrelation curve fit and the value shown cannot be taken as correct). From a 
geometrical point of view the system can be considered as an inorganic core of 
approximately d = 5 nm surrounded by an organic coating. When ZnO/OA systems are 
measured in dichloromethane the diameter purely attributed to OA coating is 
approximately 6 nm. The thickness of the organic coating the particle surface is half this 
value, typically 3 nm.  
The concentration in 71-2 is above the CMC value, when these solutions are measured by 
DLS (same concentrations as in particle presence), low diameter values are obtained 
(around 3 nm). The quality of the autocorrelation functions fit for these samples was not 
good enough to be considered as acceptable result (according to quality criteria 
demanded by the measuring device). In any case, the obtained values can be taken as 
merely illustrative in order to propose some conclusions from DLS analysis. 
Encapsulation of ZnO NPs in the hydrophobic regions of the brij acid self-assembled 
structures can be proposed. According to this mechanism, ZnO/OA systems presenting 
hydrodynamic diameters of average values around 11 nm are transferred to water by 
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inclusion inside objects presenting around 3 nm hydrodynamic diameters. The expected 
ZnO/OA value added to the 71-2 coating in water would lead to objects around 14 nm, 
which is in agreement with the experimental data. 
Zeta potential measurements reveal positive charges for the systems containing particles 
in organic solvent (≈ 19 mV). In the case of the transferred particles these measurements 
showed high negative value (≈ -40 mV). Zeta potential values are commonly employed to 
estimate the quality of the electrostatic stabilization in colloidal solutions.29 Solutions in 
which the measured value is located between ± 30 and ± 40 are classified moderate 
stability (if their stabilizing mechanism is not based on steric repulsion). Nanoparticle 
aqueous solutions in water show high negative value (-40.3 mV). Such results are 
agreement with the typical values for good electrostatic stabilization. It needs to be 
pointed out that these systems are stable for more than one month. Brij acid surfactant 
molecules measured in water presents pH around 3 and almost zero zeta potential 
values (-1.15 mV). Aqueous solution of OA showed pH values close to 11 and highly 
negative zeta potential values (-47.2 mV). In the case of OA, this value can be due to 
moderate water solubility and low CMC values (2 mM).27 The mixture of OA and 71-2 
molecules in similar ratio compared to systems in ZnO NPs presence shows an 
intermediate value (-34.4 mV) due to the formation of a catanionic surfactant and 
formation of COO- groups at the outer shell of the formed structures. Similar reasoning 
can be used to explain sign and value obtained for systems ZnO/OA/71-2. 
III.6.2 Optical properties of ZnO NPs  
Fluorescent spectroscopy techniques do not provide information about the colloids and 
the organic coating organization in solution. However, due to special optical properties of 
ZnO NPs synthesized by organometallic methods the optical properties bring crucial 
information on the surface state of the inorganic cores. A brief bibliographic 
characterization on ZnO nanoparticles is presented in order to understand the studied 
systems. 
III.6.2.1 Luminescent properties of ZnO/OA 
The causes of ZnO NPs luminescent properties are still not clearly identified. Various 
explanations have been proposed. Deviation from an ideal wurtzite structure by oxygen or 
zinc defects,30-31 molecules coordinated at the surface of the particles1 or presence of 
interstitial zinc and/or hydroxyl surface groups has been proposed.32 Yellow 
luminescence emission is the most frequently reported, but blue emission is also 
described in the literature.33-34 Both emissions had never been observed on the same 
material. The organometallic method used by our group leads to particles whose 
luminescence is white, which is related to the overlay of blue and yellow luminescence.1 It 
has been demonstrated that these phenomena were promoted by coordination of amines 
to the ZnO particle surface. Indeed, the energy transition responsible for the blue 
luminescence is attributed to an electronic density increase at particle surface through 
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the electron pair carried by the amine functionality. This interaction has been 
demonstrated both for spherical particles and for nanorods. The intensity of blue 
luminescence could be directly correlated to the amount of amine present on the surface 
of particles.1,3-4 
III.6.2.2 Luminescent properties of ZnO/OA/71-2 
Three samples ZnO/OA (0.25 eq, 0.50 eq and 1 eq) dispersed in dichloromethane were 
transferred to water and investigated by fluorescent spectroscopy. It can be expected to 
observe changes of the optical upon transfer to water. Such optical properties changes 
might be surface state modifications or solvent effect. It must be pointed out that optical 
properties of OA, 71-2 or OA/71-2 mixtures (measured in similar conditions as the 
experiments here described) are negligible compared to ZnO NPs (see Supporting 
Information). 
Emission spectrum recording is based on selecting an excitation wavelength and record 
the emitted light in a given range. When colloidal solutions containing nanoparticles are 
measured using irradiation wavelength between 365 nm and 420 nm similar behavior is 
observed in both solvents. Figure III.6.2III.6.2.2.1 shows these experiments in organic 
solvent (left plot) and in water (right plot). 
 
 
 
 
Figure III.6.2.2.1: Emission spectra of solutions of ZnO/1eq OA in CH2Cl2 and after 
transfer to water using surfactant 71-2 for excitation wavelength range from 365 nm to 
420 nm. 
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The ZnO NPs band-gap energy experimentally obtained from the derivative plot of the UV 
spectra was approximately 3.39 eV (≈ 366 nm). When energy close to this is applied to 
irradiate the sample yellow and blue emissions are observed (red triangles in both 
solvents). For lower irradiation energies only blue emission is maintained (related to 
coordination by amine group). The intensity of blue emission decreases as the excitation 
energy gets lower compared to ZnO NPs band-gap. 
A slightly different behavior is obtained when comparing particles ZnO/1 eq OA in organic 
solvent and after transfer to water excited using higher energies that the band-gap 
energy. Figure III.6.2.2.2 shows the emission spectra for excitation wavelengths between 
280 nm (≈ 4.43 eV) and 360 nm (≈ 3.44 eV) in both phases. 
 
Figure III.6.2.2.2: Emission spectra of solutions of ZnO/1eq OA in CH2Cl2 and after 
transfer to water using surfactant 71-2 for excitation wavelength range from 280 nm to 
360 nm. 
In the case of organic solvent a single visible emission with a maximum located 
approximately at 575 nm (≈ 2.16 eV) is observed for the whole range of excitation 
wavelengths. The intensity of this peak is increased as the irradiation energy gets lower 
until the excitation wavelength corresponds to 340 nm (≈ 3.65 eV; yellow spots). Oxygen 
defects are accepted as origin for this emission. For higher excitation wavelengths, 
getting closer to the band-gap (370 nm; 3.35 eV); the same yellow emission is observed 
but presenting lower intensity. When the same sample is transferred to water a slightly 
different behavior is observed. From irradiations between 280 and 310 nm a single 
yellow emission (585 nm; 2.12 eV) is observed similarly as in CH2Cl2. However, for 
irradiation wavelengths between 320 nm (light blue triangles) and 360 nm (dark blue 
rhombus) a second emission component is observed. 
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In order to determine the nature of the second component contribution the experimental 
data were fitted using Gaussian functions in both solvents. The fitting was performed 
expressing x axis in form of eV. Depending on considered spectrum (number of 
contributing components) fitting using single or multiple Gaussian functions were 
necessary in order to reproduce the experimental profile. Peak maximum value was left 
as free parameter during the fitting process. Figure III.6.2.2.3 shows the obtained fitting 
in the case of the system ZnO/1 eq OA in CH2Cl2 excited at 300 nm (≈ 4.13 eV). The 
entire fitting performed is listed in the Supporting Information. 
 
Figure III.6.2.2.3: Emission spectra and fitting of ZnO/1eq OA in CH2Cl2 using an 
excitation wavelength of 300 nm. 
The Figure shows that fit (red line) reproduces perfectly the obtained experimental profile 
(black squares). From each fit an emission peak maximum can be obtained for each 
contribution as well as the area of each peak and the determination error. According to 
this, depending on the excitation wavelength, it can be identified the contribution related 
to yellow or blue emission mechanism to the final emitted light. This evolution is shown in 
Figure III.6.2.2.4. Comparison between ZnO/1 eq OA in organic solvent and the same 
system transferred to water using the surfactant 71-2 is shown. The evolution of peak 
area and peak maximum as the excitation wavelength is increased has also been plotted. 
In both cases, black symbols represent yellow emission contribution while red symbols 
are related to blue emission contribution. It needs to be pointed out that each point from 
peak maximum plot (right column in Figure III.6.2.4) presents two parallel lines that are 
related to the peak maximum error determined from the Gaussian fit. According to this, 
the quality of the presented data is ensured. 
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Figure III.6.2.2.4: Peak area and peak maximum of solutions of ZnO/1eq OA in CH2Cl2 
and after transfer to water using surfactant 71-2 for excitation wavelength range from 
280 nm to 420 nm. 
In both solvents for wavelengths between 280 nm and 350 nm the peak area related to 
yellow emission is increased. The peak maximum keeps around 2.15 eV (≈ 577 nm) in 
the case of particle in organic solvent while in water the maximum suffers a small shift to 
2.12 eV (≈ 585 nm). The contribution to the experimental emission profile of blue 
emission mechanism in water can be observed for lower excitation wavelengths (starting 
at 320 nm, ≈ 3.86 eV). Blue emission contribution suffers shift of peak maximum 
accompanied by peak area augmentation as the excitation wavelength gets closer to ZnO 
band-gap energy. For lower excitation wavelength than 370 nm (≈ 3.35 eV), blue 
Gaussian peak shows a maximum around 441 nm (≈ 2.81 eV) which corresponds to 
violet-blue visible light. For higher excitation wavelengths than 370 nm (≈ 3.35 eV), the 
peak maximum is shifted from 441 nm to 461 nm (blue light; ≈ 2.69 eV). The area of this 
component also increases as the excitation wavelength gets closer to the band-gap 
energy. In dichloromethane, ZnO NPs presents blue emission mechanism (peak 
maximum around 2.59 eV, ≈ 478 nm) from excitation wavelengths of 365 nm to 420 nm. 
At this point, the author would like to point out that depending on the ZnO NPs synthesis 
slight differences on the nanoparticle optical properties are observed (even if the 
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experimental conditions are analogous). For example, in the case of the ZnO/1 eq 
systems, blue emission contribution start to be gradually observable for excitation 
wavelength around 350 nm or higher. In the example shown above (in dichloromethane), 
for excitation wavelengths around 360 nm, no blue emission contribution is observed. 
Strong blue emission is observed at λexc = 365 nm. The sample in water shows blue 
emission contribution for lower wavelengths. This solvent difference cannot be taken as 
the regular behavior for ZnO/OA systems. Indeed the example showed, corresponds to 
the same particle batch used for the whole characterizations discussed during the 
present Chapter. Consequently, the results related to this sample are shown. The regular 
behavior is observed for ZnO/0.5 eq OA and ZnO/0.25 eq OA. The evolution of the peak 
maximum for systems ZnO/0.5 eq OA and ZnO/0.25 eq OA in organic solvents and after 
water transfer is shown in Figure III.6.2III.6.2.2.5. 
 
Figure III.6.2.2.5: Peak area and peak maximum of ZnO/0.5eq OA and ZnO/0.25eq OA 
in CH2Cl2 and after transfer to water using surfactant 71-2, excitation wavelength range 
between 280 nm and 420 nm. 
The blue and green symbols respectively represent yellow emission and blue emission 
contribution for systems measurement in water. Black and red symbols are related to 
yellow and blue emission in organic solvent. For the same synthesis in each solvent it 
cannot be observed significant peak maximum shift in the case of yellow emission 
(staying around 590 nm, ≈.2.10 eV, yellow-orange light emission). Similarly to the case of 
ZnO/1 eq OA, blue emission peak maximum is shifted towards lower energy values as the 
excitation wavelength get higher (lower energy). However the trend of the shift is similar 
for the same sample in both solvents. It can be concluded that optical properties of ZnO 
NPs synthesized by organometallic method and stabilized using OA keep unchanged 
when they are transferred to water. 
The peak maximum shift observed in the case of blue emission can be understood 
regarding to the excitation spectra. Figure III.6.2.2.6 shows the excitation spectra of 
ZnO/1 eq OA in dichloromethane and after transfer to water. Two different emission 
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wavelengths were fixed namely 450 nm (black squares) and 580 nm (red spots) while the 
excitation wavelength was varied between 300 nm and 400 nm. 
 
Figure III.6.2.2.6: Excitation spectra of solutions of ZnO/1eq OA in CH2Cl2 and after 
transfer to water using surfactant 71-2 for wavelength emissions of 450 nm and 580 nm. 
Similar spectra are obtained for both particles in polar (water) and non-polar solvent 
(dichloromethane). When the emission wavelength is fixed at 580 nm (≈ 2.14 eV) one 
sharp intensity decrease is produce for energy close to the band-gap. Similarly to the UV 
absorbance spectra, when the excitation energy is close or higher than the gap energy 
pure valence band-conduction band transitions are produced. When the emission 
wavelength is fixed at 450 nm (≈ 2.75 eV) intensity is collected only for values close to 
band-gap energy. Specific amine coordination at the particle surface is proposed as 
explanation for these spectra. 
III.6.2.3 Conclusions 
The observation of both emissions (blue and yellow) for the same nanoparticles is linked 
to the interaction of amine functional groups at the ZnO surface. Amine is interacting at 
the particle surface after transfer (blue emission observation). No solvent effect has been 
observed over emitted light upon phase transfer (similar peak maximum). 
III.6.3 NMR characterization 
The behavior in solution of OA at the surface of ZnO NPs in organic solvent has been 
already investigated in our group.7 Transferred ZnO/OA systems using brij acid surfactant 
has been investigated using NMR spectroscopy as well as DOSY. It needs to be pointed 
out potential presence of polluting cyclohexanol molecules from the hydrolysis reaction of 
the organometallic precursor (see Experimental Section). This paragraph is structured in 
two parts: surfactants in solution and characterization of ZnO/OA/71-2. 
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III.6.3.1 Surfactants in solution 
In order to understand their behavior in aqueous solution; OA, brij acid (71-2) and mixture 
of both molecules in D2O were measured in different ratios by 1H NMR. Figure III.6.3.1.1 
shows the 1H spectra of OA and 71-2. 
 
Figure III.6.3.1.1: OA and 71-2 
1
H NMR spectrum in D2O at pH ≈ 12. 
The peaks observed in both spectra at fields around 3.2 ppm and 4.7 ppm correspond to 
NMe4Cl and H2O respectively. The peak assignation for OA spectrum is summarized as: α 
(δ ≈ 2.57 ppm), β (δ ≈ 1.49 ppm), γ (δ ≈ 1.35 ppm) and δ (δ ≈ 0.77 ppm). The peak 
assignation of 71-2 spectrum is summarized as: a (δ ≈ 3.85 ppm), b (δ ≈ 3.6 ppm), c (δ ≈ 
3.38 and 3.49 ppm), d (δ ≈ 5.24 ppm), e (δ ≈ 1.49 and 1.94 ppm) and f (δ ≈ 0.81 ppm). 
Due to the concentration, dilution or pH changes shift of peaks can be observed. To avoid 
such effects, the measurements were performed at fixed pH (ZnO NPs stable at high pH), 
5 mg of K2CO3 was added resulting in solution with pH ≈ 12. No additional resonance 
peaks, interaction at the particle surface or colloidal stability modification of the 
ZnO/OA/71-2 systems are expected as a result of the K2CO3 addition. 
Comparison of 1H NMR spectra of samples containing OA or 71-2 in the absence of NPs 
(fixed pH and similar concentration as in NP presence) and 1H NMR spectra of mixtures 
of both species (different ratios), resulted in the observation of changes in the pattern of 
resonances. Figure III.6.3.1III.6.3.1.2 shows the 1H NMR spectrum of OA (3.25 mM), 71-2 
(1 mM) and the 1H NMR spectra for intermediate amine:brij acid concentrations (pH ≈ 
12). Enlargement of two interesting regions of the spectra are shown:  1) the α-CH2 bound 
to the C=C group (e, δ ≈1.94 ppm) and the α-CH2 peak closer to the amine group (α, δ ≈ 
2.57 ppm) 2) the α-CH2 peak closer to the carboxylic functionality (a, δ ≈ 3.85 ppm). 
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Figure III.6.3.1.2: Enlargement of the 
1
H NMR spectra of OA/71-2 compared to the 
species in absence of NPs in D2O (pH ≈ 12). 
The peaks shown in Figure III.6.3.1.2 undergo shift when mixtures of different proportion 
are measured. Concerning the peak at δ ≈ 1.94 ppm (e in Figure III.6.3.1.1) is found at 
higher fields as the amine concentration increases. Similar effect is observed for the 
peak located at δ ≈ 3.85 ppm (a in Figure III.6.3.1.1). In opposition, as the amine 
concentration decreases (from upper to lower spectrum), the α-CH2 resonance (δ ≈ 2.57 
ppm) undergoes shift towards lower fields. In addition, the commented peaks are broader 
in the mixtures, indicating interaction between acid and amine functionalities (formation 
of ammonium caboxylate species). No shift of the peaks related to O-CH2CH2- groups (δ 
≈ 3.60 ppm) are observed. In addition to carboxylate formation, an important shift of the 
peaks associated to the double carbon-carbon bonding of the hydrophobic part of 71-2 (δ 
≈ 5.24 ppm) is observed. The spectra enlargement between 5.05 ppm and 5.40 ppm is 
shown in Figure III.6.3.1III.6.3.1.3. 
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Figure III.6.3.11.3: Enlargement of the 
1
H NMR spectra of OA/71-2 mixtures pH ≈ 12 
(C=C proton region). 
This shift is attributed to changes in the spatial conformation of the alkyl chain of the acid 
upon association with octylamine. From these experiments a strong amine/carboxylic 
interaction can be confirmed, catanionic surfactants that are organized in solution are 
produced.  
III.6.3.2 Characterization of ZnO/OA/71-2  
When ZnO/OA systems transferred to water using 71-2 are measured by 1H NMR special 
attention needs to be paid on solvent composition. To the aqueous solution containing 
ZnO NPs (2mL), 0.2 mL of D2O was added. 1H spectra of these samples were recorded by 
selective irradiation of H2O peak. Observation of similar resonance pattern as the one 
discussed for the mixture of OA and 71-2 is observed. Additionally, peaks related to 
cyclohexanol can be found (by-product from the NP synthesis, see Experimental Section). 
The initial nanoparticle systems are stabilized using different amine amounts and 
subsequently transferred to water using the brij acid surfactant 71-2 (1mM aqueous 
solution). Upon transfer, different OA/71-2 ratios are obtained. Spectrum changes in 
nanoparticle presence were investigated by 1H NMR. Comparison between the spectrum 
of the transferred systems and OA and 71-2 measured in absence of NPs is shown in 
Figure III.6.3.22.1 ( enlargement between 1.6 and 2.8 ppm, pH ≈ 12). 
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Figure III.6.3.2.1: Enlargement of the 
1
H NMR spectra of ZnO/OA/71-2, OA and 71-2 at 
pH ≈ 12 (right: α-amine and e-CH2, left: C=C proton region). 
The resonances that are not labeled in Figure III.6.32.1 correspond to cyclohexanol. The 
peak assignment for this latter molecule is slightly shifted compared to the one given in 
the Experimental Section (recorded in CDCl3) due to utilization of D2O during the 
experiments present herein. Cyclohexanol peak assignation was ensured upon DOSY 
experiments (see Supporting Information).  
Interaction of organic species at the particle surface can be confirmed by: 1) the 
reduction of the intensity of the peaks closer to the surface (lower mobility) 2) shift of the 
peak closer to the functionality interacting with the surface (due to high electronic density 
of the NPs) 3) combination of both effects. If the surface interaction is strong enough, the 
signal of the atoms close to the particle surface could even disappear.  
Concerning Figure III.6.3.2.1, as the amine concentration decreases (constant 71-2 
concentration) the peak related to e-CH2 (δ ≈ 1.94 ppm) varies: broader or even absence 
of resonance. Lower amine concentration allows better interaction between double 
bonding group and amine functionality. The signal related the α-protons of the amine 
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function (δ ≈ 2.57 ppm) suffer drastic intensity reduction (even disappearance) compared 
to OA measured in the absence of NPs. Surfactant addition leads to amine groups closer 
to the particle surface. The amine interaction is stronger in water than in the case of 
ZnO/OA in THF where α-amine protons peak intensity was only reduced. 
Concerning the left enlargement shown in Figure III.6.3.2.1, the peaks not labeled are 
related to water at its satellite peaks. Water signal is shifted in comparison to the 
previously shown measurements due to spectra corrections (identification of the solvent 
by the device). 
Protons involved in the double bonding of the oleyl hydrophobic group of the surfactant (δ 
≈ 5.24 ppm) show an intensity reduction when the amine concentration is reduced. The 
hydrophobic groups are closer to the particle surface. Double layer mechanism with 
participation of the brij acid surfactant at the particle surface is postulated. This 
hypothesis is confirmed regarding to the resonance of the terminal CH3 group of the 
hydrophobic group (δ ≈ 0.81 ppm, Figure III.6.3.2.2). 
 
Figure III.6.3.22.2: Enlargement of the 
1
H NMR spectra region related to CH3 terminal 
group from 71-2( pH ≈ 12). 
The terminal methyl group of the hydrophobic part of the 71-2 surfactant is shifted as the 
amine concentration is varied. This due to the proximity of the CH3 to the particle surface 
(high electronic density of the ZnO NPs). As conclusion, an ammonium carboxylate 
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species is formed (catanionic surfactant) but this group is not interacting with the particle 
surface. ZnO NPs are transferred to water by encapsulation inside the organic structures 
formed by the catanionic surfactant. The amine functionality stays at the nanoparticle 
surface and a double layer system is responsible for stability in water. 
III.6.3.3 DOSY experiments 
The DOSY experiments allow for the calculation of the diffusion coefficient of the organic 
species in solution. This value is comparable if medium solvent is strictly controlled (see 
Experimental Section), a fixed amount of NMe4Cl as comparative standard (2 mg) was 
subsequently added to each sample. The results related to measuring surfactants in the 
absence of NPs and with NP systems are shown in Figure III.6.3.3. 
 
Figure III.6.3.33: DOSY 2D representation of OA alone, 71-2 alone, ZnO/OA in CD2Cl2 
and ZnO/OA/71-2 in D2O (in the case of D2O pH ≈ 12). 
The individual solution of the surfactants is labeled in black for OA (3.25 mM) and in 
green for 71-2 (1 mM). In the case of 71-2 no significant changes are observed 
comparing the measure in the absence and in presence of ZnO NPs. This is due to 
formation of large structures in solution (higher concentration than the CMC). A reduction 
of the calculated diffusion coefficient is observed when OA is mixed with 71-2. The 
mobility reduction is even higher for OA in presence of ZnO NPs. This is due to two effects: 
formation of catanionic surfactant (interaction with 71-2) and stronger interaction at the 
particle surface (compared to ZnO/OA in organic solvent). 
OA alone (3.25 mM)
71-2 (1 mM)
ORG: ZnO/OA (3.25 mM)
Water: ZnO/OA/71-2 (1 mM)
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The results determined from DOSY experiments are listed in Table III.6.3.33. 
Sample DOA D71-2 DNMe4Cl 
OA (3.25 mM) 4.8 10-10 -- 8.0 10-10 
71-2 (1mM) -- 3.9 10-11 8.0 10-10 
OA/71-2 (3.25 mM/ 1 mM) 2.7 10-10 4.1 10-11 8.5 10-10 
OA/71-2 (3.25 mM/ 0.5 mM) 3.8 10-10 4.0 10-11 7.9 10-10 
OA/71-2 (1.6 mM/ 1 mM) 2.5 10-10 4.0 10-11 7.8 10-10 
ZnO/OA/71-2 (3.25 mM/ 1mM) 1.3 10-10 4.0 10-11 7.6 10-10 
 
Table III.6.3.33: Diffusion coefficients calculated from DOSY experiments at pH ≈ 12. 
The diffusion coefficient of the standard molecule (NMe4Cl) remains stable regardless to 
the experiment (values from 8.0 10-11 to 8.5 10-11 mol/m2 s). 
As commented, the diffusion coefficient of 71-2 (D71-2) remains around of 4.0 10-10 mol 
m-2 s-1 both in presence of OA or ZnO/OA NPs (concentration higher than the CMC, low 
motion with organized objects). DOSY experiments confirms the interaction between the 
functionalities of OA and 71-2. The diffusion coefficient with the amine is reduced: 4.8 
10-10 mol m-2 s-1 in the absence of NP and around 3.0 10-10 mol m-2 s-1 depending on the 
availability of the acid group.  
The interaction at the particles surface is confirmed. The diffusion coefficient with the 
amine is three times reduced (1.3 10-10 mol/m2 s) in the presence of NPs in comparison 
to the free amine (4.8 10-10 mol m-2 s-1). Formation of the catanionic surfactant OA/71-2 
and its interaction at the ZnO NP surface leads to reduction on the diffusion of OA in 
solution.  
The amine concentration is higher than that of the 71-2 surfactant. However, only one 
average diffusion coefficient is obtained for OA suggesting no free OA in solution. Two 
possibilities could explain this observation: 1) an equilibrium coordination-decoordination 
is occurring at the particle surface 2) the OA is not very soluble in water, the excess of 
amine is forming a second phase not miscible with water. Due to the density of OA (0.78 
g/mol), this phase is located at the upper layer and not measured in the NMR tube. 
III.6.4 Stabilization mechanism  
Carol Pages studied during her Thesis the surface interaction between ZnO NPs and a 
mixture of octylamine and oleic acid (OlAc) in organic solvent.35 NMR studies were 
performed leading to some conclusions about the nature of the interactions at the 
particle surface. These conclusions were proposed taking as a basis changes of the 
resonance peak patter NMR spectroscopy and the diffusion coefficient determined by 
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DOSY. Figure III.6.4.1 illustrates the potential coordinative modes of a mixture OA/OlAc at 
the surface of ZnO NPs in an organic solvent. 
 
Figure III.6.4.1: OA and OlAc coordinative modes at ZnO NPs surface (in organic 
solvent).
35
 
When both species (OA and OlAc) are mixed, an ammonium carboxylate moiety is formed. 
However, no evidences of direct coordination of this ionic pair were found. Two potential 
coordinative modes were demonstrated in the case of OA: i) through electron pair from 
the nitrogen atom ii) hydrogen bonding. These coordination modes are in equilibrium (at 
NMR timescale) with free amine or ammonium carboxylate species. Concerning OlAc, 
equilibrium between coordination by caboxylate functionality (not carboxylic acid group) 
and ammonium carboxylate species was demonstrated. Depending on the nanoparticle 
concentration in solution, the ZnO/OA/OlAc systems are able to self-organize. Attending 
to the dynamics of the organic molecules already described and NMR characterizations, a 
model was proposed to explain the self-arranging process (in organic solvent).36 
Noticeable peak broadening and shift was evidenced for the C=C protons and CH3 
terminal group of the carboxylic acid stabilizer in the presence of ZnO NPs. This indicates 
modification of the mobility and environment of the alkyl chain. Attending to the potential 
OlAc coordination mentioned above, these protons seem to be too far from the surface to 
explain such behavior. The proposed explanation for such changes was formation of 
interdigitated layer between long alkyl chain and the ammonium carboxylate species 
extending the ion pair group to the periphery of the sytem.36 
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The NMR results with the ZnO/OA/71-2 systems evidenced analogous peak changes to 
these observed for the ZnO/OA/OlAc system. Double bonding peak and CH3 ending peak 
from the hydrophobic part of the surfactant are affected in ZnO NPs presence. 
Ammonium carboxylate formation was also evidenced. A double layer formation can be 
also proposed in the case of ZnO NPs in water (Figure III.6.4.2). 
 
Figure III.6.4.2: Double layer formation as responsible for ZnO/OA/71-2 systems stable 
in water. 
This mechanism would be in agreement to the results obtained by different 
characterization techniques: 1) the ZnO NPs are individually dispersed in water (TEM and 
DLS) 2) amine groups are located at the particle surface in both solvents (fluorescent 
spectroscopy). Indeed in water the amine interaction at the surface is strong (MMR 
spectroscopy and DOSY) 3) the electrostatic stabilization of the particles as single 
individual colloids would be ensured by negative charges from COO- groups at the outer 
coating shell (negative zeta potential values and pH >7). 
IV. Conclusions 
During this chapter, the transfer of ZnO nanoparticles synthesized in organic solvent by 
addition of surfactant molecules to water has been envisaged. The species tested and 
the experimental procedures that resulted in such behavior were described. A family of 
brij acid-derived surfactants was found to promote transfer of ZnO nanoparticles originally 
stabilized by octylamine to water. 
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The particles presented similar average size in both polar and non polar solvents. After 
transfer to water, 60 % of the particles remained stable for more than one month (at 10 
°C). The optical properties are not solvent-dependent, two different emissions are 
observed (yellow and blue). 
Double layer formation is proposed as stabilizing mechanism. ZnO NPs transferred to 
water by the procedure are applicable for uses demanding neutral of high pH values. 
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I. Introduction: 
One of the main drawbacks of synthesizing ZnO NPs via organometallic procedure is their 
solubility properties. Colloidal dispersions are achievable in non-polar solvents but not in 
polar ones. As it has been demonstrated in Chapter I, surface modifications by addition of 
surfactant allow dispersing the particles in polar solvents, especially noteworthy in water. 
An alternative approach to post-synthesis strategies was commented during the general 
introduction of this thesis. This approach is called direct synthesis. The emphasis is paid 
on the wise selection of the stabilizing agent as straightforward strategy to achieve multi-
solvent dispersible particles without post-synthesis modifications. According to this, new 
stabilizers different than long-alkyl chain amine and/or carboxylic acid moieties need to 
be tested in order to: i) control the synthetic process (average size, size dispersion and 
morphology) ii) ensure solubility both in non-polar solvents (including the one employed to 
perform the synthesis) and in polar solvents such as in water. The compromise between 
both characteristics seems to be quite complicated to accomplish. However, effort in 
exploring the direct synthesis strategy was devoted. The chemical procedure is illustrated 
in Figure I. 
 
Figure II: ZnO NPs synthesis by the organometallic approach developed in our group. 
The synthesis is based on the controlled hydrolysis of the organometallic precursor 
Zn(C6H11)2 in organic solvent by moisture. In presence of stabilizing agents, particle 
growth is controlled. The reaction occurs at room temperature and sub-products are not 
formed due to the volatility of cyclohexane. The solvent-dispersion properties of the 
obtained ZnO NPs depend on the nature of the stabilizing agent outer groups. During this 
chapter, experimental procedures based on the application of different molecules as 
stabilizers will be described in order to access to multi-solvent soluble ZnO NPs.  
II. Preliminary results 
Amine functional groups have shown a good ability to control size and morphology of ZnO 
NPs produced via organometallic method. Molecules containing such functionality must 
additionally exhibit solubility in a larger range of solvents than long-alkyl chain amines to 
be considered good candidates for direct synthesis approach. A collaboration with 
Professor Stephan Mecking and Doctor Victor Martinez was set up to apply the dendron 
molecules shown in Figure II.1 for the organometallic synthesis of ZnO nanoparticles. 
Zn(C6H11)2 +     H2O +     2 C6H12ZnO
Room temperature
Stabilizing agent
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Figure II.1: Dendron tested for synthesis of ZnO NPs by organometallic approach. 
The Dendron structure presents a secondary amine group that has the potential to 
control the particle growth during the synthesis. These molecules are soluble in several 
solvents: they are highly soluble in organic ones such as THF and moderately soluble in 
water. Additionally, the polyamido skeleton could promote multi-dentate weak 
interactions with the surface of the nanoparticles by hydrogen bonding improving 
colloidal stability. The synthesis of these molecules is not described here because they 
have been developed at the Stephan Mecking’s laboratory. The synthetic procedure 
developed by Dr. Victor Martinez is shown in Figure II.2. 
 
Figure II.2: Dendron first generation synthetic procedure. 
The multi-step procedure showed in Figure II.2 leads to the first generation of Dendron 
molecule. The number of generation is defined by how many times the whole procedure 
is employed to build more complex structures. For example, when the dendron structure 
shown in Figure II.1 is used as starting molecule instead of bis(isopropylamine), higher 
dendron branching is achieved (named second generation). As result of this 
collaboration, dendrons up to the third generation were provided. It is expected to 
improve the quality of the steric stabilization by increasing the dendron generation. 
The particles were synthesized following the classical recipe for octylamine leading to 
products obtained as powders (see Experimental Section). 
II.1 TEM analysis 
ZnO NPs syntheses were performed using first and second dendron generation in ratios 
0.1, 0.5 or 1 equivalent (calculated from the number of Zn atoms added in the synthesis). 
In the case of third generation dendron only two concentrations were tested: 0.1 and 0.5 
equivalents. Upon solution in THF of the obtained powder slightly turbid solutions are 
N CO
OC NH
NH
N
OC
CO
HN
N CO
OC NH
NH
N
OC
CO
HN
N CO
OC OH
N CO
OC N N
NH
C
O
O
O
C
CDI H2N
NH
H2N
Toluene
60°C
Toluene
60°C
Toluene
60°C
CHAPTER II 
[DIRECT SYNTHESIS OF ZNO NPS DISPERSIBLE IN BOTH 
POLAR AND NON-POLAR SOLVENTS] 
 
147 
 
obtained. TEM images taken from these samples are listed in the Supporting Information. 
Individually dispersed spherical ZnO NPs were observed for all of the samples. The 
average size and size dispersion for all the samples were calculated by counting at least 
300 particles. These values were used to build size histograms that were then fitted 
using Gaussian functions (shown in the Supporting Information). The maximum of this 
function corresponds to the average size while size dispersion is defined as half height 
value divided by two. The data calculated from the histograms for the entire samples are 
listed in Table II.1. 
 Concentration Size (nm) Dispersion. (nm) 
 
1st G 
0,1eq 8 3 
0,5 eq 5 2 
1 eq 5 1 
 
2nd G 
0,1eq 6 3 
0,5 eq 4 1 
1 eq 3.0 0.7 
 
3rd G 
0,1eq 6 2 
0,5 eq 4 1 
 
Figure II.1: Dendron synthesized ZnO NPs size from TEM analysis. 
The secondary amine group seems to be capable to stabilize ZnO NPs during the 
synthesis. As the amount of the stabilizer is increased (for a given Dendron generation) 
the average size and size dispersion is smaller. Very good result in terms of small size 
and size dispersion is obtained when using 1 equivalent of the second generation of 
dendron to perform the synthesis. 
II.2 Solubility and UV spectroscopy 
All the tested procedures to disperse the obtained powder in water failed. Turbid “milky” 
solutions were observed even after leaving the samples under sonication for one hour or 
heating them up to 50 °C. Filtration or centrifugation of these samples resulted in 
transparent solutions but no absorption peaks related to ZnO NPs were observed by UV 
spectroscopy. Consequently ZnO NPs stabilized by the dendrons here described leaded to 
systems not dispersible in water. Additionally, these samples also showed problems to be 
dispersed in organic solvents such as THF; slightly turbid solutions were obtained. 
Solutions rather transparent were obtained by dispersion of low powder amount (1 mg) in 
dichloromethane. Figure II.2 shows the UV absorbance spectra of ZnO/1 eq 2nd 
generation dispersed in THF. 
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Figure II.2: UV spectrum in THF for ZnO/1 eq 2
nd
 generation. 
In the spectrum it can be clearly observed light diffusion processes due to turbidity of the 
measured solution. A sharp absorption from 370 nm to 350 nm is observed. This 
absorbance can be attributed to ZnO NPs in solution. Consequently, partial particle 
dispersion has been achieved. In any case, further characterizations cannot be 
performed due to lack of quality of the colloidal solutions. As consequence of these 
results, selection of other amine-containing species was performed. An additional 
requirement was included: the structure must contain non surface-attached polar groups 
in order to ensure further solubility in protic solvents. 
III. Direct synthesis using PEG derived oligomers 
In the introduction of this thesis some characteristics of poly(ethylene glycol) (PEG) 
derived species -(O-CH2-CH2)n- was briefly mentioned. This variety of polymers is also 
known as poly(ethylene oxide) (PEO) or poly(oxyethylene) (POE) and it is the most 
commercially important type of polyether. In the market, multiple derived structures 
containing wide scope of functionalities and molecular weights are available. These 
molecules are water soluble, stable at physiological conditions and biocompatible. 
However as the number of oxyethylene units is increased, their ability to solubilize in non-
polar solvents is limited. In addition, it is well known that these polymers retain high water 
amounts in the oxyethylene chains. Un-controlled water content is undesirable for 
controlled hydrolysis of organometallic precursors, which is the basis of the synthesis of 
ZnO NPs applied in this work. According to this, due to lack of solubility properties in 
organic solvents and high water content PEG polymers are not recommended for the 
organometallic synthesis of ZnO NPs. However, it was reasoned that if the length of the 
oxyethylene chains is reduced, the polymer will be better soluble in organic solvents (such 
as THF) while lowering water content. A screening of commercially available short PEG 
polymers was performed. Moreover, attention was specially paid to species presenting 
amine functional groups. The chosen polymers were tested as stabilizer for synthesizing 
ZnO NPs using the organometallic procedure previously reported. The best results were 
obtained using a bisamino terminated PEG oligomer, namely poly(ethylene glycol) bis(3-
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aminopropyl) of molecular weight Mw ≈ 1500 mol/g. This compound will be called bisAm 
and its structure is shown in Figure III. 
 
Figure III: BisAm PEG oligomer for direct synthesis of ZnO NPs. 
BisAm molecule contains two primary amine functional groups allowing the kinetic control 
of the hydrolysis reaction by coordination to the metallic centre during the precursor 
hydrolysis. Presence of amine function can also lead to colloidally stable nanoparticles 
due to interaction at particle surface. Additionally, the length of the oxyethylene group (n 
≈ 30 units) is short enough to allow solubility both in non-polar and polar solvents. Once 
attached to the particles, bisAm oligomer would provide multi-solvent solubility properties 
to the ZnO NPs. 
This oligomer had been previously grafted onto nanoparticle, mainly to allow the 
attaching of interesting molecules such as proteins. 1 Crystals such as quantum dots 
(CdSe/ZnS), 2 bimetallic (CoPt3), 3 metallic particles (Au, Ag), 4-5 silica 6 or carbon NPs 7 
have been reported. These systems were mainly employed for biomedical uses due to the 
characteristics of the PEG coating. However to the best of our knowledge, bisAm 
oligomers have never been applied directly as stabilizing agent during the synthesis 
procedure.  
The solubilization of bisAm in organic solvents such as THF at the working concentration 
for the synthesis of ZnO NPs needs sonication for half an hour to obtain transparent 
solutions. Hence, a sonication step was added to the experimental procedure described 
for synthesis of ZnO/OA NPs. ZnO NPs syntheses were performed using increasing 
oligomer concentration (see Experimental Section). The powders obtained from these 
syntheses were directly soluble in both polar and non-polar solvents.  
III.1 TEM characterization 
Colloidal solutions containing approximately 3 mg of particle powder are dissolved in 2 ml 
of THF or water obtaining transparent mixtures after 30 minutes of sonication. These 
solutions were employed to prepare samples later observed by TEM. Figure III.1.1 shows 
the images taken for the entire oligomer concentration in both solvents. 
n ≈ 30 
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Figure III.1.1: TEM images of ZnO/bisAm NPs in water and THF. 
50 nm
50 nm
50 nm
100 nm 100 nm
100 nm
100 nm
100 nm
100 nm
ZnO/0.05 eq bisAm in H2O 
ZnO/0.10 eq bisAm in H2O 
ZnO/0.50 eq bisAm in H2O 
50 nm
ZnO/1.00 eq bisAm in H2O 
ZnO/2.00 eq bisAm in H2O ZnO/2.00 eq bisAm in THF 
ZnO/1.00 eq bisAm in THF 
ZnO/0.50 eq bisAm in THF 
ZnO/0.10 eq bisAm in THF 
ZnO/0.05 eq bisAm in THF 
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The images taken by TEM show that when particles are dispersed in water (left column) 
their contour is blur compared to the same synthesis dispersed in THF (right column). 
This might be due to higher oligomer adsorption around the particles or more hydration of 
the PEG chains in the case of water. Comparison of the obtained sizes and size 
dispersions for each synthesis dispersed in both solvents is performed by computer 
treatment of the images (diameter counting of at least 300 particles). Size histograms 
were fitted using Gaussian functions. (Figure III.1.2) 
 
Figure III.1.2: Histograms and Gaussian fits plotted for the entire ZnO / bisAm systems. 
The maximum of the Gaussian fits is considered to be the average diameter of the 
inorganic nanoparticles while half-height curve value divided by two, is taken as size 
dispersion. These results are listed in Table III.1.1. 
Sample Size THF ± dispersion Size H2O ± dispersion 
ZnO/0.05 eq bisAm 7 ± 2 nm 7 ± 2 nm 
ZnO/0.10 eq bisAm 5 ± 1 nm 5 ± 2 nm 
ZnO/0.50 eq bisAm 5 ± 1 nm 4.9 ± 0.9 nm 
ZnO/1.00 eq bisAm 4.3 ± 0.9 nm 4 ± 1 nm 
ZnO/2.00 eq bisAm 4.0 ± 0.8 nm 3.9 ± 0.8 nm 
 
Table III.1.1: Sizes and deviation of ZnO / bisAm NPs in water and THF. 
The same average sizes are observed in both solvents. As the amount of bisAm oligomer 
increases, the average size decreases. Mean size of 7 nm is measured for very low 
stabilizing agent concentration (0.05 equivalents) whereas almost monodispersed 
particles are observed for 2 equivalents of oligomer. These results show that good control 
of the particle growth can be achieved simply by varying oligomer concentration. 
Moreover, the quality of these particles in terms of average size and size dispersion is 
comparable to the one prepared in presence of long-alkyl chain amines.8-9  
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In order to confirm the role of the amine function on the particle growth control, the 
synthesis was performed using one PEG oligomer containing no amine function. The PEG 
chain length of the selected specie is comparable to the one of the bisAm moiety and the 
hydroxyl end groups of the standard PEG have been substituted by methoxy groups 
(Figure III.1.3) 
 
Figure III.1.3: PEG oligomer not containing amine function. 
The synthesis is performed in the same conditions to those described for bisAm 
oligomers using one or two equivalents of PEG-no function oligomer (see Experimental 
Section). When the obtained powders from these syntheses are dispersed, formation of a 
white precipitate is observed instantly regardless to solvent polarity. This solid presented 
luminescent properties observable by human eye when they are irradiated at 365 nm 
using a UV lamp. In order to investigate if bulk or nanosized ZnO is formed, the solutions 
containing the precipitates were diluted until obtaining of transparent aqueous solutions. 
These solutions were employed to prepare the TEM grids. The images taken from these 
samples are shown in Figure III.1.4. 
 
Figure III.1.4: ZnO NPs stabilized using 1 equivalent of PEG without amine function, 
sample dispersed in THF. 
The left image corresponds to a general sample view. Agglomerates are observed 
explaining rapid nanoparticles precipitation (low colloidal stability). When these 
aggregates are observed using higher magnification (image at the right) it can be 
confirmed that they are formed of individual ZnO NPs. Particle size counting for these 
samples was found to be complicated due to blurry particle contour, inhomogeneous 
morphology and interparticle surface contact. PEG oligomers non-containing functional 
groups are not able to control size, morphology or bring colloidal stability. Therefore, 
functional groups are needed to control these parameters. 
n ≈ 20
500 nm 50 nm
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One of the principal advantages of the organometallic method for the synthesis of ZnO 
NPs is the obtaining of crystalline particles at room temperature. It was decided to 
investigate if the high quality of the particles synthesized in presence of bisAm oligomers 
were crystalline by means of X-Ray powder diffraction and WAXS (see Experimental 
Section). 
III.2 Crystal structure studies 
The production of crystalline nanoparticles at room temperature has been demonstrated 
for those cases in which long-alkyl chain stabilizers are used. In order to investigate if 
PEG oligomers application leads to amorphous or crystalline particles, solid state 
characterizations were performed. 
III.2.1 Powder X-Ray Diffraction. 
This technique allows discriminating between crystalline and amorphous powder 
materials and finding their crystalline structure. Figure III.2.1 shows the measurement of 
ZnO NPs stabilized using 1 equivalent of oligomer bisAm. Similar diffraction pattern is 
obtained when measuring other ZnO/bisAm systems. These experiments were performed 
by Laure Vendier at Laboratoire de Chimie de Coordination (LCC, Toulouse). 
 
Figure III.2.1: Powder X-Ray diffractogram of ZnO/1 eq bisAm. 
The red line profile corresponds to the experimental data while the vertical orange lines 
are related to the peak assignation taking as reference the diffractogram pattern of 
Zincite. All the ZnO nano-objects display the same diffraction diagram corresponding to 
hexagonal Zincite phase, space group P63mc. Additional peaks could be attributed to the 
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ligands remaining at the surface of the particles, θ [10°, 15°]. In order to remove bisAm 
oligomer as well as capillary contributions leading to confirm peak assignation, WAXS 
experiments were performed. 
III.2.2 WAXS 
This technique allows studying powders presenting low repeating crystalline motifs such 
as nanoparticles. These measurements have been performed in collaboration with Pierre 
Lecante at Centre d’Elaboration des Matériaux et d’Etudes Structurales (CEMES, 
Toulouse). ZnO samples synthesized using 0.5 and 1 equivalent of bisAm were 
investigated regardless to their different particle average size (shown by TEM). Figure 
III.2.2 shows the experimental data corrected presented for comparison with Zincite 
typical pattern. 
 
Figure III.2.2: WAXS diffractogram of ZnO stabilized using 0.5 or 1 eq of bisAm. 
The blue line corresponds to the reference diffractogram for Zincite structure. The red 
and green lines correspond to measured data representation of ZnO/0.5 eq bisAm (red 
line) and ZnO/1eq bisAm (green line), respectively. Good peak correspondence is 
observed for the whole diffractogram. It is clearly observed a trident of peaks 
approximately at 25° confirming Zincite structure for both samples. Due to decrease of 
peak intensity it can be concluded that smaller crystalline particles are observed when 
one equivalent of polymers is used. For the entire scope of bisAm tested concentrations 
crystalline particles are obtained. These particles present high quality in terms of size and 
size dispersion (comparable to the ZnO NPs stabilized by octylamine) therefore the 
behavior in solution of these systems was investigated. 
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III.3 Solubility tests 
The powders obtained from the syntheses are introduced in vials (approximately 4 mg) 
and large variety of solvents was added (2ml). Figure III.3 show results from these tests in 
the case of the sample ZnO/1 eq bisAm. 
 
Figure III.3: Solubility test ZnO NPs stabilized using 1 eq of bisAm. 
The upper row of Figure III.3 shows that after putting the sample under ultrasounds for 
ten minutes, transparent solutions are obtained in water, acetonitrile, ethanol, 
chloroform, THF and toluene (from left to right in the Figure). Successful powder 
dispersion is achieved using other protic or polar solvents. These systems are not 
dispersible in very low polar alkyl-chain solvents such as pentane, hexane or heptane. 
Figure III.3 (lower row) shows the exactly same solutions under 365 nm light irradiation. 
White-yellow emitted light is observed in all cases confirming solution luminescent 
behavior (light emission). 
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III.4 UV spectroscopy of ZnO/bisAm 
In order to test the homogeneity of particle concentration in the powders produced by our 
organometallic procedure, increasing amounts of ZnO/1 eq bisAm were dispersed in 
water (2ml). The sample was taken from different regions of the powders in the Schlenk 
tube after synthesis. UV spectra were recorded for each amount as it shown in Figure 
III.4.1. 
 
Figure III.4.1: Absorbance spectra of different powder fractions (ZnO/1 eq bisAm) 
dispersed in water 
The absorbance spectra are typical of ZnO NPs. In addition, Figure III.4.1 shows that the 
powder is homogeneous in nanoparticles Figure III.4.1 (left plot) shows progressive rise of 
this value when the powder concentration is increased (from 1.94 mg for the yellow line, 
to 2.91 mg for the violet line). Indeed this rising is proportional to the powder amount 
following a good straight line (r2 = 0.9738, right plot). Hence, powder weighting can be 
used as tool to control nanoparticle concentration in solution. 
Solutions prepared by dispersion of powder nanoparticles in the mentioned solvents 
(Figure III.43) were measured by UV spectroscopy. Light scattering processes are 
observed and all absorption spectra were corrected in order to eliminate this contribution 
using the equation A = A0 + A1 λ-4. A0 and A1 were determined by fitting the experimental 
data (see values for each sample in Supporting Information). The corrected absorption 
spectra exhibited in most of cases one absorbance plateau between 300 nm (≈ 4.13 eV) 
and 360 nm (≈ 3.44 eV). The corrected spectra are normalized at 330 nm to remove 
concentration effects. The final spectra are shown in Figure III.4.2. 
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Figure III.4.2: UV spectra ZnO/bisAm in different solvents. The color plot related to 
each samples is maintained from solvent to solvent. 
The raw data for these measurements can be found in the Supporting Information 
section. Correction for light scattering leads to observation of one plateau in most of 
cases. This plateau is related to band-gap transitions of ZnO NPs. Light scattering profile 
dominated the obtained experimental profile for those samples in which plateau profile is 
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not obtained. Low ZnO/bisAm system solubility can explain high intensity of scattered 
light. Indeed this effect is specially pronounced in the case of particles synthesized using 
low oligomer amount (0.05 eq; pink triangles) or in higher concentrated samples 
dispersed in low polar solvents such as in toluene. 
Additional information can be given by UV spectroscopy. The inflexion point related to the 
band-gap absorption is linked to the average size of the particles. The derivatives of the 
experimental spectra were calculated in order to precise the location of the inflexion 
point. Figure III.4.3 shows the minimum values of the derivative versus polymer 
concentration employed to perform the synthesis for all solvents. 
 
Figure III.4.3: UV location of the inflexion point of ZnO/bisAm in different solvents. 
The wavelength related to the inflexion point is lower for smaller NPs. For synthesis 
ranging from 0.5 to 2 equivalents of bisAm, the trend is respected. For example, in water 
(light brown line) the inflexion point shifts from 372 nm (0.5 equivalents and TEM 
average size of 5 nm) to 368 nm for 2 equivalents of polymer (average size of 4 nm by 
TEM). However, in the case of lower concentration samples such as 0.05 eq of bisAm, the 
location of the inflexion point is lower than expected. This might be due to a larger 
incertitude on inflexion point determination at those concentrations. Figure III.4.1.3 
shows that a change in the solvent can induce a shift in the location of the inflexion point. 
The accuracy of the measurement is of Δλ = 2 nm (parallel lines in the plot), which is 
significantly lower than the shift observed for instance between ethanol and toluene. 
However, this shift could not be related to any specific properties of the solvent. 
III.5 Colloidal stability 
The stability of the colloidal solutions prepared using the syntheses containing bisAm 
oligomers was investigated emphasizing in systems dispersed in water. 
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III.5.1 Stability in time 
The colloidal stability in time of systems stabilized using bisAm oligomer is very limited 
whatever the solvent in which particles are dispersed. After dispersion of the particles 
(powder) in water is accomplished, transparent solutions are observed. Depending on 
oligomer amount employed to perform the syntheses, the stability (translucent solution) 
is maintained during different time lapses as it is listed in Table III.5.1.  
Sample Time (hours) 
ZnO/0.05 eq bisAm 5 
ZnO/0.1 eq bisAm 8 
ZnO/0.5 eq bisAm 10 
ZnO/1 eq bisAm 24 
ZnO/2 eq bisAm 24 
 
Table III.5.1: Colloidal stability in time of ZnO/bisAm NPs dispersed in water. 
Best time stabilities were observed in the case of syntheses performed using 1 or 2 PEG 
bisAm equivalents (at least 24 hours). Precipitation of a white cloudy solid is observed 
after the given period. As polymer concentration is reduced the stability decreases until 5 
hours (case of ZnO/ 0.05 eq bisAm). Transparency can be recovered by putting the 
samples under sonication for 15 minutes but each time the precipitation process is then 
observed faster. The nature of these precipitates was investigated using turbid aqueous 
solutions (presenting white solid precipitate) by TEM (Figure III.5.1) 
 
Figure III.5.1: TEM images ZnO/1 eq bisAm after precipitation (left image) and 
redispersed by sonication (right image). 
The picture at the left in Figure III.5.1 is related to milky solutions that are obtained after 
24 hours of visual transparency. Aggregates formation is responsible for turbidity. When 
sonication is applied; these turbid solutions turn transparent. The picture at the right in 
100 nm
ZnO/1.00 eq bisAm in Water
100 nm
ZnO/1.00 eq bisAm in Water
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Figure III.5.1 corresponds to the same sample after transparency recovery by sonication. 
The particles are better dispersed and lower quantity of aggregates is observed. 
III.5.2 Chemical stability 
The chemical stability of aqueous colloidal solutions containing the systems ZnO/bisAm 
was studied by changing the pH conditions. The original pH of samples prepared 
approximately using 2 mg of powder of each nanoparticle synthesis varies depending on 
the oligomer amount. As bisAm concentration is increased pH gets higher values. For 
example, pH ranges from 9.40 for 0.05 eq bisAm to 9.90 for 2.00 eq bisAm. The medium 
was modified either to lower pH values adding acetic acid or to higher pH using NaOH. 
Changes in nanoparticles were monitored by UV spectroscopy. Similar behavior was 
observed regardless to the oligomer amount. Figure III.5.2 shows these changes for the 
synthesis performed using 1 equivalent of bisAm in water. The measurements were 
performed immediately after adjusting the pH value. 
 
Figure III.5.2: Absorbance spectra ZnO/1 eq bisAm under different pH. 
Experimentally, the pH value of the solutions is continuously measured until the desired 
value is obtained by addition of acid or base. The starting solutions showed pH 
approximately equal to 9.80 (represented in the three plots by red lines). The UV spectra 
resulted from the medium modification is presented by orange lines. At pH ≈ 4, particles 
have been dissolved. When the changes are less strong (pH ≈ 6) partial particle 
dissolution is observed. At pH ≈ 13, partial particle solution is also observed (right plot). 
This behavior is in agreement with the well known amphoterism of ZnO.10 This oxide is 
dissolved in both acid and basic medium according to the following equations: 
In acids: ZnO + 2H
+
 → Zn2+ + H2O 
In bases: ZnO + H2O + 2OH
-
 → [Zn(OH)4]
2-
 
These processes occurs leading to complete or partial disappearance of ZnO NPs as 
responsible for the instant absorbance value decrease as pH changes. The stability in 
0
0,05
0,1
0,15
0,2
300 350 400 450 500 550 600 650 700
Water ZnO 1eq bisAm pH4
1,94mg ZnO1eqWater
1,94mg pH 4
A
b
s
o
rb
a
n
c
e
Wavelength (nm)
0
0,05
0,1
0,15
0,2
0,25
0,3
0,35
0,4
300 350 400 450 500 550 600 650 700
Water ZnO 1eq bisAm pH6
2,55mg ZnO1eqWater
2,55mg pH 6
A
b
s
o
rb
a
n
c
e
Wavelength (nm)
0
0,05
0,1
0,15
0,2
0,25
0,3
0,35
0,4
300 350 400 450 500 550 600 650 700
Water ZnO 1eq bisAm pH13
2,91mg ZnO1eqWater
2,91mg pH13
A
b
s
o
rb
a
n
c
e
Wavelength (nm)
CHAPTER II 
[DIRECT SYNTHESIS OF ZNO NPS DISPERSIBLE IN BOTH 
POLAR AND NON-POLAR SOLVENTS] 
 
161 
 
time of the non-dissolved particles after pH changes is similar to the one observed for 
systems without modifications (maximum 24 hours). ZnO/bisAm systems are available 
for applications ranging pH [6, 13]. 
III.5.3 Salt concentration stability 
Some potential applications envisaged for ZnO NPs are related to cosmetic or 
biomedicine uses. These fields require, in addition to water solubility, stability in biological 
medium. Therefore colloidal stability in presence of high salt concentrations needs to be 
studied. Figure III.5.3 shows the absorbance spectra from powder ZnO NPs dispersed in 
water (red spots) compared to the same sample after addition of NaCl (blue triangles). It 
is also included the spectrum related to the starting particles after mathematical 
removing of light scattering processes (black squares). 
 
Figure III.5.3: Absorbance spectra of ZnO/1 eq bisAm before and after addition of 10 
mg/mL of NaCl. 
After salt addition the contribution of light scattering processes to the experimental 
profile is lower. Either precipitation of larger objects or better solubility of ZnO/bisAm 
system can be proposed as explanation for such modification. Comparing corrected 
starting particles spectrum (black squares) and spectrum in presence of salt (blue 
triangles); higher absorbance value related to ZnO is observed. Better solubility of the 
ZnO NPs nanoparticles is achieved by adding salt. Unfortunately the stability in time for 
salt-added systems has not changed. 
III.5.4 Temperature stability 
Temperature changes were studied over samples originally dispersed in water at room 
temperature. The solution is introduced in a quartz cell and absorbance spectra are 
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recorded each five degrees in continuous mode. Each chosen temperature is constantly 
maintained during twenty minutes before measuring. Figure III.5.4.1 shows the results 
from ZnO/1 eq bisAm in water. 
 
Figure III.5.4.1: UV spectra ZnO/1 eq bisAm increasing temperature. 
The lowest temperature spectrum recorded corresponds to 35° (black squares). As 
temperature increases, the absorbance values at 350 nm, suffers a reduction due to 
partial nanoparticle precipitation. Indeed after experimental procedure, a white solid at 
the bottom of the cell is observed. The lower colloidal stability observed for heated 
systems can be explained by two effects acting against individual particle stabilization: i) 
heating can reduce the amine concentration adsorbed at the particle surface leading to 
particle precipitation ii) the solubility of PEG derived polymers in water is reduced as 
temperature is increased. In order to investigate the second possibility, pure bisAm 
oligomer solutions were studied by Dynamic Light Scattering as temperature is increased. 
(Figure III.5.4.2) 
 
Figure III.5.4.2: BisAm oligomer DLS hydrodynamic diameter evolution with 
temperature. 
300 350 400 450 500 550 600
0.0
0.2
0.4
0.6
0.8
1.0
1.2
4.13 3.54 3.10 2.76 2.48 2.25 2.07
 
 Energy (eV)
A
b
s
o
rb
a
n
c
e
Wavelength (nm)
 ZnO 1eq bisAm 35°C
 ZnO 1eq bisAm 40°C
 ZnO 1eq bisAm 45°C
 ZnO 1eq bisAm 50°C
 ZnO 1eq bisAm 55°C
 ZnO 1eq bisAm 60°C
 ZnO 1eq bisAm 65°C
20 25 30 35 40 45 50 55 60 65
20
40
60
80
100
120
140
160
 
 
S
iz
e
 (
n
m
)
Temperature (°C)
CHAPTER II 
[DIRECT SYNTHESIS OF ZNO NPS DISPERSIBLE IN BOTH 
POLAR AND NON-POLAR SOLVENTS] 
 
163 
 
Similarly to previous experiments; oligomer solutions are kept at the chosen temperature 
for twenty minutes before DLS measurement. The hydrodynamic diameter obtained for 
the oligomer solution dispersed at 25°C is very large (around 30 nm). This value is not in 
agreement with single molecule solubilization. Indeed, the starting solutions are not fully 
solubilized and upon temperature increase further oligomer aggregation is observed. 
Loss of solubility of the oligomer is responsible for the ZnO NPs precipitation when 
temperature is increased. However, potential amine desorption at nanoparticle surface 
cannot be ruled out. 
III.6 Stabilizing mechanism investigation 
ZnO/bisAm systems showed stability problems related to aggregates formation and 
precipitation whatever the solvent. In order to understand the stabilizing mechanism and, 
therefore, the driving force that leads to precipitation, the behavior of these nanoparticles 
in solution during the period in which transparency is ensured was studied. 
III.6.1 DLS characterization 
ZnO/bisAm systems are difficult to analyze by DLS due to the slow evolution in time. 
Results in agreement with the quality standards demanded by the device are not always 
obtained. Indeed the results presented here (Table III.6.1) are in most of the cases 
merely illustrative. They cannot be taken as actual values. However, some trend is 
observed helpful to propose some explanation for poor colloidal stability. 
 CHCl3 Tol MeCN THF EtOH Water 
Polymer 78nm 712.4nm 0.8nm 1.5nm 400nm 58nm 
 
Synthesis CHCl3 Tol MeCN THF EtOH Water 
0.05eq 20 nm 888 nm 617 nm 150 nm 37 nm 244 nm 
0.1eq 26 nm 302 nm 281.3 nm 108 nm 20 nm 117 nm 
0.5eq 25 nm 173 nm 205 nm 83.5 nm 15 nm 52 nm 
1eq 17 nm 722 nm 264 nm 40.4 nm 17 nm 61 nm 
2eq 9 nm 14 nm 120 nm 24 nm 94 nm 33 nm 
Table III.6.1: ZnO/bisAm oligomer hydrodynamic diameter in different solvents. 
The tested solvents were (from left to right): chloroform (CHCl3), toluene (tol), acetonitrile 
(MeCN), tetrahydrofuran (THF), ethanol (EtOH) and water. BisAm polymer as well as ZnO 
NPs syntheses stabilized using different bisAm concentrations were measured in each 
solvent. The concentration in powder of the oligomer solutions was 2 mg/mL while in the 
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case of powder ZnO/bisAm was 1.5 mg/mL. The polymer species alone show different 
solubility depending on the solvent. Large aggregates (> 100 nm) are observed in toluene 
and ethanol. In both cases the nanoparticle presence seems to produce better solubility, 
the hydrodynamic diameter is smaller. The calculated average size of the particles 
obtained by TEM was smaller as the oligomer concentration is higher during the 
synthesis. TEM images showed individually dispersed particles for samples prepared 
behind good colloidal stability period. When these samples are measured by DLS in 
similar conditions; the hydrodynamic diameter size trend observed is similar regardless to 
the solvent. Higher oligomer concentration leads to smaller hydrodynamic diameter 
values. Nevertheless these sizes are much larger than those measured for the inorganic 
cores by TEM. These results suggest that even if no aggregates are yet formed and the 
solutions are composed by individually stabilized particles; these particles are “packed” 
closely. 
III.6.2 Zeta potential 
Zeta potential values are commonly employed to estimate the quality of the electrostatic 
stabilization in colloidal solutions.11 Solutions in which the measured value is located 
between ± 10 mV and ± 30 mV are classified as incipient instability11 (if their stabilizing 
mechanism is not based on steric repulsion). Table III.6.2 listed the results from analyzing 
colloidal solutions from systems stabilized using bisAm. Although other solvents have 
been studied here it is only presented the results in which quality requirements 
demanded by the measuring device are achieved. 
 MeCN EtOH Water 
Polymer -5.8 mV -3.3 mV -10.5 mV 
 
Synthesis MeCN EtOH Water 
0.05eq 12.5 mV 22.7 mV 19.9 mV 
0.1eq 5.7 mV 19.3 mV 17.7 mV 
0.5eq 3.7 mV 15.5 mV 1.5 mV 
1eq 3.2 mV 12.5 mV -4.6 mV 
2eq 2.7 mV 10.9 mV -8.8 mV 
 
Table III.6.1.2: Zeta potential in different solvents of ZnO/bisAm and oligomer alone in 
different solvents. 
The presented solvents are (from left to right): acetonitrile (MeCN), ethanol (EtOH) and 
water. The concentration in powder of the oligomer solutions was 2 mg/mL while in the 
case of powder ZnO/bisAm was 1.5 mg/mL. The pH value of the aqueous oligomer 
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solution is around 11 while in the case of ZnO/bisAm varies depending on oligomer 
concentration from 9.40 (0.05 eq bisAm) to 9.90 (2.00 eq bisAm). 
Regardless to the solvent employed negatively charged solutions are obtained when 
measuring polymer alone. When particles are presented the value shifts towards positive 
sign, lower than 30 mV. According to this, these systems are low stabilized by 
electrostatic charges and they will trend to form agglomerates and finally precipitate. 
Although it has not been quantified the amine amount at the particle surface, as bisAm 
concentration presented is higher (for example synthesis performed using 2 equivalents) 
zeta potential values are closer to the one of the polymer alone. It suggests weak surface 
interaction between amine and particle. Shift from negative values (oligomer alone) to 
positive (ZnO/0.05eq bisAm) implies that either the synthetic process leads to amine 
protonation or to changes in the amount of water retained by the PEG chain (comparing 
oligomer alone and after synthesis). 
III.6.3 NMR characterization 
NMR spectroscopy measurements were performed in water for the entire syntheses. In 
order to avoid pH changes fixed amounts of K2CO3 (5mg) were included in sample 
preparation (pH ≈ 12). Comparison between 1H spectra of polymer alone and different 
ZnO NPs samples containing variable polymer concentration allow some conclusions. 
Figure III.6.3.1 shows the structure of the bisAm oligomer including the label used to 
identify each proton observed by 1H NMR. 
 
Figure III.6.3.1: BisAm oligomer comparative NMR zoom α-NH2 protons. 
BisAm oligomer is a symmetric molecule; therefore when it is measured alone only four 
peaks are obtained: β (δ ≈ 1.85 ppm), α (δ ≈ 2.99 ppm), γ (δ ≈ 3.48 ppm) and a large 
peak δ ≈ 3.6 ppm attributed to the –O-CH2-CH2- units plus water molecules retained by 
the chain are observed. Additionally peaks related to NMe4Cl (DOSY standard; δ ≈ 3.07 
ppm) and water (H2O) contained in D2O (δ ≈ 4.7 ppm) are also presented (see Supporting 
Information). When samples in which ZnO NPs are presented α, β and γ protons peaks 
undergoes shift compared to oligomer measured alone. Figure III.6.3.2 shows 
enlargement of the spectra in the region of the triplet peak related to the α-CH2 protons. 
Note that bisAm oligomer is labeled PEG-NH2 in Figure III.6.3.2. 
α
β
γ
γα
β
Oxyethylene units 
+ retained H2O
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Figure III.6.3.2: 
1
H NMR spectra enlargement between 2.90 ppm and 3.15 ppm. 
Measurement in D2O at pH ≈ 12.. 
Figure III.6.3.2 shows shift of the peaks when particles are presented (first and second 
spectra) compared to polymer alone (third spectrum). Similar peak shift is observed in 
the case of β and γ. However the shifted distance is lower as the considered peak is far 
from the amine function. In addition, attending to the α-CH2 related to the systems  
ZnO/1 eq bisAm, the peak become wider compared to oligomer alone. Three different 
possibilities could explain peak shift and width changes: i) amine protonation during the 
synthesis. However, pH is fixed around 12, therefore peak shift is not related to pH effect 
ii) coordination of the oligomer at the ZnO surface via electron doublet of the amine group 
iii) amine coordination via hydrogen bond. 
DOSY experiments allow calculating the diffusion coefficient of bisAm molecules in 
presence and absence of ZnO NPs. Variation on the diffusion coefficient in nanoparticle 
presence can be related to the strength of the amine interaction at the particle surface. 
The measurements were performed at controlled pH conditions (pH ≈ 12; 5 mg K2CO3) 
and in presence of a fixed amount of N(CH3)4Cl (2 mg) as standard in order to determine 
medium fluctuations such as ionic strength or viscosity. Figure III.6.3.3 shows 2D DOSY 
representation of ZnO/1 eq bisAm (red color) and ZnO/2 eq bisAm (blue color) compared 
to bisAm oligomer measured alone (black color). 
α-CH2NMe4Cl
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Figure III.6.3.3: DOSY 2D representation of ZnO/bisAm and bisAm alone in D2O and 
pH ≈ 12. 
The diffusion pattern of each of the samples has been voluntarily shifted in the plot in 
order to make the three samples visible. Indeed no changes on the diffusion pattern are 
calculated. The calculated diffusion coefficients are listed in Table III.6.3.1. 
 DbisAm Dstandard 
BisAm alone 1.40 10-10 m2s-1 7.7 10-10 m2s-1 
ZnO/1.00 eq bisAm 1.45 10-10 m2s-1 7.5 10-10 m2s-1 
ZnO/2.00 eq bisAm 1.43 10-10 m2s-1 7.6 10-10 m2s-1 
 
Table III.6.3.1: Diffusion coefficients measured from DOSY experiments. 
The slight changes on the diffusion coefficients shown in Table III.6.3.1 are in the range 
of error of the experiments (± 0.20). The motion of the bisAm oligomer in solution is 
similar in presence or absence of nanoparticles. Three options could explain lack of 
change on oligomer diffusion coefficient: i) presence of oligomer aggregates that move 
slowly in solution (hydrodynamic radius my DLS around 30 nm) ii) large excess of free 
oligomer in solution (not consistent with 1H NMR shift of peaks) iii) fast equilibrium 
coordination-decoordination of the amine groups is occurring at the nanoparticle surface. 
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To conclude, between oligomer and ZnO weak amine interaction in rapid exchange at the 
particle surface has been evidenced. 
III.7 Optical properties 
The ZnO NPs systems presented during this chapter have shown multi-solubility 
properties without any post-synthesis modification. These results allow studying the 
influence of solvent in optical properties of ZnO NPs. Syntheses performed using bisAm 
oligomer were dispersed in different solvents (acetonitrile, toluene, ethanol, 
tetrahydrofuran, chloroform and water) and the optical properties of these colloidal 
solutions were measured. However, in order to investigate if the optical responses 
correspond solely to inorganic nanoparticles, bisAm oligomer solutions were firstly 
studied. 
III.7.1 Optical properties of bisAm oligomer 
BisAm oligomer is used as received from Sigma-Aldrich without any purification step. 5 
mg of the powder are dissolved in 2 mL of the above mentioned solvents. These solutions 
were employed to perform fluorescent measurements. A priori, PEG derived structures 
are not known to show any fluorescence behavior. However, when the solutions are 
irradiated using wavelengths between 280 and 420 nm, light emission was surprisingly 
found. Figure III.7.1.1 shows the emission spectra (left) and excitation spectra (right) of 
the oligomer in water.  
 
Figure III.7.1.1: Emission and excitation spectra of bisAm oligomer in water. 
In the case of emission spectra, depending on the excitation wavelength the intensity of 
the light emitted and its energy (peak maximum) changes. For irradiation energies 
between 2.95 and 3.44 eV (420 and 360 nm) the emission is located in the blue regions. 
Therefore, the emission properties related to ZnO/bisAm NPs in the blue region cannot be 
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purely attributed to the inorganic particles. When the excitation spectra is considered 
(Figure III.7.1.1, right plot) the intensity profile varies depending on the selected emission 
wavelength. For high excitation energies (higher than 3.44 eV; 360 nm) an increase on 
the intensity of the light emitted is observed.  
BisAm emission spectra are different depending on the solvent. When bisAm species 
corresponding to the same batch illustrated in Figure III.7.1.1 is measured in THF; (left 
plot of Figure III.7.1.2) different light intensity is emitted. For example, using similar 
excitation energy in THF and in water (λexc = 320 nm; ≈ 3.86 eV), the obtained intensity 
value is almost twice compared to water (ITHF ≈ 760000 a.u.; IWater ≈ 270000 a.u.). Both 
emission and excitation spectra intensities varies depending on the solvent used. 
Different oligomer batches display different optical behavior. Figure III.7.1.2 shows 
emission spectra of two different batches in THF using different excitation wavelengths. 
 
Figure III.7.1.2: Emission spectra of two batches of bisAm in THF. 
The right plot in Figure III.7.1.2 shows the emission spectra of a solution in THF two times 
more concentrated that the plot at the left (recorded in the same conditions). Even if the 
concentration is higher the intensity appears to be almost the half compared to the first 
batch. For example, using λexc = 320 nm (≈ 3.86 eV) intensities of Ibactch1 ≈ 760000 a.u. 
and Ibactch2 ≈ 330000 a.u. are obtained.  
These two batches were used to synthesize ZnO/bisAm NPs. Figure III.7.1.3 shows the 
emission spectra using three different excitation wavelengths (320 nm, 365 nm and 380 
nm) as well as pictures taken from light emitted in similar conditions. The upper row 
corresponds to the synthesis performed using bisAm batch 2 while second row 
corresponds to batch 1. Employing an excitation wavelength of 320 nm (red spots), two 
peaks are observed. The first peak shows a maximum around 420 nm (≈ 2.95 eV; 
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oligomer contribution). The second peak maximum is observed around 590 nm (≈ 2.10 
eV; ZnO NPs yellow emission). The intensity ratio between both emissions depends on the 
optical behavior of bisAm oligomer. According to this, when a picture of the emitted 
visible light by ZnO NPs is taken, either yellow color (low polymer contribution) or white 
light (higher oligomer contribution) are observed. Enhancement of blue emission process 
(peak maximum around 480 nm) is observed for higher excitation wavelengths such as 
365 nm (blue squares) or 380 nm (green rhombus) due to oligomer participation. 
 
Figure III.7.1.3: ZnO/bisAm emission spectra of two batches of bisAm in water. 
Three conclusions can be taken from these experiments: i) bisAm oligomers alone 
showed optical properties; ii) these properties depend on oligomer batch; iii) Both, 
emission spectra and excitation spectra depend on solvent. 
The interpretation of the luminescent properties of ZnO/bisAm NPs needs to be 
performed taking into account oligomer contribution. The results shown in the following 
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paragraphs are related to ZnO/bisAm NPs produced using batch 1 (higher contribution) 
due to lack of control over the quality of the furnished oligomer. 
III.7.2 Optical properties of ZnO/bisAm systems 
The optical properties of the obtained systems have been already anticipated in the last 
paragraph (Figure III.7.1.3). Our research group has reported the synthesis of ZnO NPs by 
organometallic method presenting white luminescence properties as overlay of blue and 
yellow emission mechanisms. Promotion of these phenomena by coordination of amines 
to the ZnO particle surface has been confirmed. This coordination is responsible for the 
blue emission when energies close to the band-gap energy are used to produce the 
sample excitation. Indeed, the proposed mechanism is based on energy transitions. 
Electron pair from the amine functions are presented at the particle surface leading to an 
increase of the electronic density. This interaction has been demonstrated both for 
spherical particles and nanorods (presenting similar width particle size). The intensity of 
blue luminescence could be directly correlated to the amount of amine present on the 
surface of particles. 12-15 However these results were obtained when long-alkyl chain 
amines are used as stabilizing agents. Similar behavior for PEG amine stabilizer needs to 
be confirmed. 
Two different emissions are expected depending on the excitation energy if amine 
functions from bisAm are located at the particle surface. For irradiation energies higher 
than band gap, excitation of one electron between valence and conduction bands is 
produced. In an ideal ZnO crystal, similar energy to the band-gap (≈ 3.35 eV; 370 nm) will 
be emitted by system relaxation. However, ZnO NPs are not perfect crystals. The emission 
energy shifts towards lower energies due to electron-hole trapping in defects. According 
to this, yellow emission is explained by the presence of oxygen defects. For irradiations 
lower in energy than the band-gap energy, coordination of amines leads changes 
emission mechanism. Due to excited electron and electronic hole trapping by non defined 
lattice defects (there is controversy around the nature of these defects) shifting of the 
emitted light towards blue is observed. 
Figure III.7.2.1 shows the emission spectra for all ZnO/bisAm systems dispersed in THF. 
Three different excitation wavelengths have been used. Using λexc = 320 nm observation 
of yellow emission (red line) is expected; blue emission is expected using λexc = 380 nm 
(green line). White emission would be consequently expected for λexc = 365 nm (blue 
line). 
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Figure III.7.2.1: Emission spectra of ZnO/bisAm systems dispersed in THF. 
Regardless to the polymer concentration used to perform the synthesis when the 
excitation is produced at 320 nm (red line) two emissions are observed. The first 
corresponds to the oligomer alone while the second, (around 590 nm; ≈ 2.10 eV) 
corresponds to yellow emission of ZnO NPs. Blue emission (green line) and blue-yellow 
competition (blue line) are observed when using respectively 380 nm or 365 nm as 
irradiation wavelengths. Comparing the intensity maximums for those spectra an 
evolution can be observed depending on the synthesis. For ZnO/2 eq bisAm and ZnO/1 
eq bisAm peak maximum shift is observed similar to the experiments performed for 
bisAm oligomer alone (Figure III.7.1.1). This effect can be explained by light emission 
dominated by oligomer contribution rather than ZnO NPs. As the stabilizer concentration 
is lower no peak maximum shift is observed, therefore light emission is related to ZnO 
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NPs with lower oligomer contribution. As it was mentioned, oligomer optical properties 
change depending on the solvent. This effect is also observed when particles are 
included. Figure III.7.2.2 shows the emission spectra of the same samples dispersed in 
water and investigated using similar conditions (λexc = 320 nm, red line; λexc = 365 nm, 
blue line and λexc = 380 nm, green line). 
 
Figure III.7.2.2: Emission spectra of ZnO/bisAm systems dispersed in water. 
Lower oligomer contribution to the emission spectra is observed in water. Only in the case 
of ZnO/2 eq bisAm, blue emission related to the stabilizer dominates the experimental 
profile for λexc = 365 nm (blue line) and λexc = 380 nm (green line). For the other samples, 
blue emission is dominated by ZnO NPs contribution. 
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Regardless to the solvent in which the particles are dispersed, blue and yellow emission 
mechanisms are observed. In order to study solvent as variable affecting ZnO optical 
properties; the experimental spectra were fitted using Gaussian functions. The calculated 
maximum for the spectra recorded using λexc = 365 nm and λexc = 380 nm, is plotted 
versus the measuring solvent. Spectra recorded at λexc = 380 nm were fitted using two 
Gaussian functions in order to remove oligomer contribution and perfectly reproduce 
experimental profile (see Supporting Information). The results from the treatment are 
listed in Figure III.7.2.3. 
 
Figure III.7.2.3: Peak maximum from Gaussian fitting for each sample in each solvent. 
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Figure III.7.2.3 shows the peak maximum calculated by Gaussian fitting for each solvent, 
the emission contribution is plotted accompanied by the determination error (parallel 
lines). Two emission contributions are observed when of λexc = 380 nm: 1) one around 
440 nm (≈ 2.82 eV; blue) related to the light emitted by the bisAm oligomer 2) a second 
located around 480 nm (≈ 2.58 eV; red) that confirms ZnO NPs blue light emission 
processes contribution. Only one emission contribution is obtained λexc = 320 nm (black) 
when fitting the experimental data, one maximum around 580 nm attributed to ZnO NPs 
(yellow emission). 
The three presented contributions showed a shift depending on the solvent polarity. In 
order to understand this contribution attention must be paid on the error related to peak 
maximum determination. Large error values are observed when determining blue 
emission contribution related to ZnO (red), therefore it cannot be confirmed significant 
peak maximum shift. In the case of oligomer contribution (blue); small error is observed 
and peak maximum shift can be related to solvent effects. When peak shift for yellow 
emission from ZnO NPs is investigated, solvent effect on peak maximum determination is 
observed (not related to determination error).  
Comparing the effect over all ZnO/bisAm systems, the shift depends on the solvent 
except for ZnO/0.05 eq bisAm, probably due to lack of solubility. For the rest of the 
samples, peak maximum shifts are remarked from 590 nm (≈ 2.10 eV in water) to 
around 570 nm (≈ 2.17 eV in toluene or THF). A difference of 20 nm is much larger that 
the device accuracy, the emission properties of ZnO NPs prepared by organometallic 
approach depends on the solvent characteristics. An explanation regarding such behavior 
can be proposed attending to solvent potentially interaction at the particle surface, either 
by oxygen electron pairs (THF, water or EtOH) or by electronic density from polar groups 
(triple bonding of acetronitrile). The nature of the peak maximum shift is observed 
towards lower energies when the solvent is potentially coordinated (water or ethanol) 
while opposite effect is observed for non-coordinative solvents (toluene or chloroform). 
The participation of ZnO NPs to blue emission processes is confirmed by recording the 
excitation spectra of each sample. Although the entire syntheses were measured in all 
the mentioned solvents Figure III.7.2.4 presents only the spectra related to the particles 
dispersed in water. Due to analogy in the reasoning the experimental data in other 
solvents are not shown (see Supporting Information). Two different emissions were 
defined 450 nm and 580 nm in order to study blue and yellow fluorescent processes 
respectively. 
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Figure III.7.2.4: Excitation spectra of ZnO/bisAm systems dispersed in water presenting 
different nanoparticle concentration. 
When the emission wavelength is 580 nm for all the samples, similar experimental plot 
profiles are observed (red lines). Light emission start to be observed when the irradiation 
wavelength is close to the band gap energy (≈ 3.35 eV; 370 nm). When the excitation 
energy gets higher (lower wavelength) the intensity of the emitted light gets higher until 
reaching a plateau. This spectrum profile is related to pure valence-conduction band 
transition.  
If the emission wavelength is fixed at 450 nm, the excitation profile is completely 
different (black lines). The first remarkable fact is that the experimental profile for the 
sample synthesized using 2 equivalents in completely different comparing to the other. 
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Indeed the spectrum obtained for this sample is coincident to this of the bisAm moiety 
measured alone (right plot in Figure III.7.1.1, measured in the same conditions as ZnO 
NPs). ZnO/2 eq bisAm presents low blue emission mechanism contribution. The other 
samples present similar profile and only intensity variations are observed. For λemi = 450 
nm, the emitted light intensity is higher for excitation wavelengths close to the band-gap 
energy reaching a maximum. For excitation wavelengths far from band gap energy the 
emitted intensity gets lower.  
The excitation spectra for λemi = 450 nm suffers experimental profile changes depending 
on the solvent. Figure III.7.2.5 shows the excitation spectra at λemi = 450 nm (black line) 
and λemi = 580 nm (red line) of the sample ZnO/1 eq bisAm dispersed in toluene (left 
plot). 
 
Figure III.7.2.5: ZnO/bisAm excitation spectra in toluene and bisAm alone excitation 
spectra modification depending on the solvent. 
When the emission wavelength corresponds to yellow color (580 nm) the experimental 
profile keeps unchanged regardless to the measured sample or the chosen solvent (red 
line, left plot). Changes are observed for excitation spectra using an emission wavelength 
of 450 nm (except sample ZnO/2 eq bisAm). An intensity maximum around 370 nm is 
observed confirming blue emission processes due to ZnO NPs. A second spectrum 
contribution is observed for excitation wavelengths between 320 and 360 nm (left plot, 
black line). This contribution corresponds to oligomer luminescent properties that depend 
on the solvent. Figure III.7.2.5 (right plot) illustrated oligomer behavior depending on 
solvent; the intensity of the oligomer contribution varies from toluene (black line) to 
water. Excitation spectra for each ZnO NPs sample in each solvent are listed in the 
Supporting Information 
The optical characterizations of the systems ZnO/bisAm bring to some conclusions. 
- Yellow and blue emission processes are observed: confirmation of oligomer 
coordination by amine function. 
- The emission maximum related to yellow emission depends on the solvent. 
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III.8 Conclusions 
Multi-solvent dispersible ZnO NPs have been produced using organometallic methodology 
by employing bisAm oligomer as stabilizer. The average size and size dispersion of the 
obtained particles can be easily controlled by varying bisAm concentration during the 
synthesis. ZnO NPs aqueous colloidal solutions are achievable avoiding post-synthesis 
modifications. 
ZnO/bisAm system has been characterized in water by different means. Unfortunately, 
low colloidal stability due to aggregates formation was found, this was probably due to 
low oligomer solubility. In order to investigate this hypothesis, nanoparticle syntheses 
using other PEG derived stabilizing agent were performed. These results are discussed in 
the following chapter. 
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I. Introduction: 
A direct synthesis approach has shown to be applicable to achieve multi-solvent soluble 
ZnO NPs thanks to the introduction of one PEG derived oligomer containing two amine 
functionalities. Although the obtained particles were of high quality in terms of size and 
size distribution, their ability to produce colloidal solutions was rather unsatisfactory. 
Precipitation is observed after 24 hours. The present Chapter is devoted to the 
investigation of new PEG derived species designed to improve colloidal stability. 
Additionally, these new species have allowed the control of particle morphology and 
optical properties. New stabilizers were tested following the analogous strategy 
(discussed in Chapter II). This Chapter describes in accordance with the observed effects 
on the NPs, the following: 
1) Physico-chemical characterization of ZnO NPs synthesized using a PEG derived 
oligomer, containing a single amine functionality. Surprisingly, the hydrolysis 
process rendered anisotropic particles (nanorod particles).  
2) The control of the optical properties by attaching at the particle surface 
carboxylate groups belonging to PEG oligomer stabilizers. This surface state leads 
to single emission mechanism in the yellow visible region.  
3) Preliminary studies on ZnO NPs including self-organization in water. These 
particles are obtained by mixing two stabilizers, one containing amine groups and 
the second containing carboxylic acid group. 
II. Morphology control 
As described in Chapter II, the direct synthesis approach to ZnO NPs employing the 
stabilizing agent bisAm oligomer (Poly(ethylene glycol) bis(3-aminopropyl) terminated Mw 
≈ 1500) resulted in ZnO/bisAm systems showing low colloidal stability, potentially due to 
low solubility of the bisAm oligomer. In order to investigate this hypothesis, the direct 
synthesis methodology was applied using a short oxyethylene chain PEG derivative, 
containing a single amine functionality. The selected species was methoxypolyethylene 
glycol amine (Mw ≈ 750, monoAm, Figure II). 
 
Figure II: MonoAm PEG derivative for organometallic synthesis of ZnO NPs. 
Similarly to the case of the bisAm oligomer, it was reasoned that the oxyethyethylene 
chain length is short enough (15 units) to ensure solubility in both organic solvents and in 
water. Therefore, this molecule can be considered as a feasible candidate for the direct 
synthesis. Structurally, the monoAm oligomer can be considered in terms of oxyethylene 
units as half the bisAm moiety. Results obtained using both stabilizers can be compared. 
n ≈ 15
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The monoAm species has been used as a building-block for the synthesis of molecules 
that facilitated phase transfer of inorganic nanoparticles including gold,1 bimetallic 
particles2 or quantum dots.3 However, this species has never been directly employed as a 
stabilizing agent. As part of this study, ZnO NPs have been synthesized using increasing 
oligomer concentrations and various solvent. The morphology of the obtained particles 
has been studied by TEM. 
II.1 TEM 
Synthesis using THF as a solvent and oligomer concentrations of 0.1, 0.5, 1 or 2 
equivalents of monoAm were performed (calculated according to the number of metallic 
atoms introduced in the synthesis). In addition, solvent variations were studied by 
synthesizing ZnO NPs using 0.1 or 1 equivalent of oligomer in anisole or diethyl ether. 
ZnO NPs are obtained as powders. Approximately 2 mg of powder were dispersed in the 
chosen solvent in order to prepare TEM grids. Figure II.1.1 shows the images taken from 
samples synthesized and dispersed in THF. 
 
Figure II.1.1: ZnO/MonoAm NPs using THF as solvent. 
According to the TEM images, low amounts of oligomer during the synthesis leads to poor 
control of size and morphology (ZnO/0.1 eq monoAm). Large inhomogeneous particles 
are presented in this case (top-left image in Figure II.1.1). As the oligomer concentration 
increases, control is improved and rod-like structures are observed (0.5 eq, 1 eq and 2 eq 
of monoAm, remaining images in Figure II.1.1). 
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The solvent effect after particle synthesis was studied using rod-like ZnO/2 eq monoAm 
nanoparticles. The obtained powder was dispersed in water and in THF and led to 
transparent colloidal solutions then employed to prepare grids to be measured by TEM. 
Images from these particles are shown in Figure II.1.2. 
 
Figure II.1.2: ZnO/2 eq MonoAm synthesized in THF and later dispersed in THF (right 
image) or in water (left image). 
A priori, both solutions present nanorods with similar dimensions. Average length and 
width was calculated by measuring at least 300 particles. Subsequently, histograms were 
produced and fitted using Gaussian functions as shown in Figure II.1.3.  
 
Figure II.1.3: Size histograms from ZnO/2 eq MonoAm dispersed in THF and in water. 
(Upper row width, lower row length). 
The average size of the NPs is calculated from the peak maximum (Gaussian), whilst size 
distribution is considered as the half-height of the Gaussian function divided by two 
(standard deviation). The results obtained are listed in Table II.1.1. 
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 Average size in THF Average size in water 
Width 5 ± 2 nm 6 ± 2 nm 
Length 16 ± 7 nm 16 ± 7 nm 
 
Table II.1.1: Statistics from ZnO/2 eq MonoAm dispersed in THF and in water. 
Similar sizes are obtained regardless of the solvent in which the particles are dispersed. 
The average particle can be approximately described as a nanorod of 16 x 5 nm. 
However, size dispersion is large (30-40 % in width and 50 % in length). 
When the solvent employed during the synthesis is varied (constant oligomer 
concentration) TEM images show slight differences. For low monoAm concentrations, non 
regular large particles (mostly hexagonal) are observed regardless of the solvent in which 
the particles are produced. Similar results compared to the synthesis in THF are obtained 
in diethylether. However, length changes are obtained with syntheses performed in 
anisole (1 equivalent of monoAm). Figure II.1.4 shows images from ZnO/1 eq monoAm 
synthesized either in diethyl ether (left image) or in anisole (right image). After synthesis 
both samples were dispersed in THF prior to TEM measurement. 
 
Figure II.1.4: ZnO/1 eq monoAm NPs synthesized in diethyl ether (left) or in anisole 
(right), then dispersed in THF. 
Irrespective to the solvent used (diethyl ether or THF) the particles obtained are 
equivalent in size (16 ± 5 nm length and 6 ± 2 nm width for diethyl ether, see Supporting 
Information). In contrast, application of anisole as a solvent led to higher aspect ratio 
nanorods (right image) namely, 24 ± 8 nm length and 5 ± 2 nm width (see Supporting 
Information). The synthesis is considered as completed when the solvent has been 
evaporated. The boiling point of anisole (154 °C) is considerably higher than that of the 
THF (66 °C) or diethyl ether (34.6 °C). Some hypothesis can be proposed in order to 
explain solvent effect: i) in anisole the particles stay longer in solution due to the 
elongated evaporation, slow size increase due to Ostwald ripening can be expected. After 
three weeks in solution, the average size of these nanorods (ZnO/1 eq monoAm in 
anisole) has not changed ii) Anisole is a not water miscible solvent, therefore the diffusion 
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of water in the reaction is slower compared to THF or diethyl ether and the hydrolysis of 
the precursor is also slower in anisole.  
As a conclusion, TEM experiments have demonstrated that a minimal concentration of 
monoAm oligomer is necessary to produce homogenous shape ZnO nanoparticles. The 
aspect ratio (ratio between length and width) can be varied by changing the solvent. The 
same average sizes are obtained for ZnO/monoAm systems dispersed in THF or in water. 
II.2 Discussion about anisotropic growth 
Before discussing the physico-chemical characterization of ZnO/monoAm systems an 
explanation for anisotropic induction is proposed. Our research group has reported 
obtaining ZnO nanorods when the reaction is performed using octylamine as a stabilizer 
without any solvent4 or when the hydrolysis is controlled by adding salts.5 
Raman and modeling studies over particles stabilized using octylamine have 
demonstrated selective amine group coordination at the ZnO surface.6-8 This preferential 
amine coordination explains dominant growing directions due to steric impediments in 
given crystalline facets. The scheme related to this preferential coordination is shown in 
Figure II.2.  
 
Figure II.2: ZnO/Octylamine preferential coordination. 
Due to their Zincite structure, ZnO NPs are hexagonal prismatic polyhedron. Raman 
studies have demonstrated preferential lateral face coordination rather than top or 
bottom. Upper and lower facets are available for the arrival of new molecular zinc 
species. The same selectivity could be responsible for the anisotropic growth in the case 
of ZnO/monoAm systems. 
II.3 Solubility tests and UV spectroscopy 
Similarly to the discussion carried out for solubility properties of ZnO/bisAm systems, 
approximately 2 mg of powder (ZnO/2 eq monoAm synthesized in THF) were dispersed in 
2 mL of different solvents: toluene, water, tetrahydrofuran, acetonitrile, chloroform and 
ethanol. Transparent solutions were obtained after 10 minutes of sonication. Turbid 
solutions were observed in the case of aliphatic solvents such as pentane under 
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analogous conditions. UV absorbance spectra of these colloidal solutions are shown in 
Figure II.3. 
 
FigureII.3 II.3: ZnO/MonoAm UV absorbance spectra in different solvents: toluene 
(Tol), water (Water), tetrahydrofuran (THF), acetonitrile (MeCN), chloroform (CHCl3) 
and ethanol (EtOH). 
ZnO/monoAm (nanorod) colloidal solutions show a low contribution by light scattering 
processes. The absorbance value observed between 380 nm (≈ 3.26 eV) and 600 nm (≈ 
2.06 eV) is attributed to light scattering phenomena. Intense light scattering observed in 
toluene (black squares), is probably due to low oligomer solubility. In all cases, a sharp 
absorbance step between approximately 360 nm (≈ 3.35 eV) and 380 nm (≈ 3.26 eV) is 
observed, which confirms ZnO nanorod colloidal solutions. This is also evidenced by 
solution irradiation using 365 nm light from a UV lamp. Visible yellowish light is emitted 
by the particles under such irradiation conditions. Due to particle anisotropy and high size 
dispersion (measured by TEM and larger than with ZnO/bisAm systems), no link can be 
established between experimental UV spectra inflexion point and particle size. 
The observation of transparent colloidal solutions in water is particularly noteworthy. The 
colloidal behavior of these solutions was studied. 
II.4 Colloidal Stability in aqueous solution 
This paragraph discusses the preliminary tests related to ZnO/2eq monoAm 
nanoparticles synthesized in THF. Stability over time, with respect to acid medium and 
temperature has been studied. 
II.4.1 Stability over time 
Multi-solvent dispersible ZnO NPs were obtained using the bisAm oligomer as a stabilizer. 
However, low colloidal stability was achieved probably due to the low oligomer solubility. 
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In order to study this postulate, the monoAm oligomer was employed as a stabilizer. An 
aqueous solution was prepared containing 4 mg of nanorod powder in 2 mL of water. The 
stability of this mixture is monitored by UV spectroscopy (Figure II.4.1). 
 
Figure II.4.1: ZnO/2 eq MonoAm NPs absorbance spectra, evolution in time. 
The red absorbance spectrum is recorded after dispersion of the nanoparticles in water. 
The solution is left at ambient temperature and after 5 days another UV spectrum is 
measured (black). No substantial change in the spectrum is observed. After 15 days, a 
cloudy white precipitate is observed. 
Compared to ZnO/bisAm, the colloidal stability over time has been substantially 
increased. This observation suggests better solubility properties of the monoAm oligomer 
in water. Weak amine interaction at the particle surface might explain final precipitation 
after 15 days. 
II.4.2  Chemical stability and morphological changes 
The aqueous solutions of ZnO/2 eq monoAm nanorod exhibit a pH value close to 10.2. 
No systematic studies on the chemical stability of these particles in lower pH mediums 
have been performed.  
Interesting results were found when adding acetic acid (0.5 μL, 99.9 %) to a sample 
containing 6 mg of powder from ZnO/1 eq monoAm synthesized in anisole and 
redispersed in anisole. The pristine nanorods suffered partial dissolution leading to 
nanotriangle morphology; the transformation was monitored my TEM (Figure II.4.2).  
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Figure II.4.2: ZnO/MonoAm nanotriangles. 
These results suggest that ZnO nanorods are chemically unstable towards acid suffering 
either partial or complete dissolution. However, control of the average size of the pristine 
particle and acid addition can be postulated to lead to homogenous nanotriangle 
particles.  
Specific amine coordination (see Paragraph II.2) can be proposed to explain the change 
in morphology. In this case, the nanoparticles could be considered as a hexagonal 
pyramid with amine functions bound to the lateral facets. 
II.4.3 Temperature stability 
PEG derived polymers show lower solubility in water as the temperature is elevated, due 
to dehydration of the oxyethylene chains. Increasing the temperature also favors 
desorption of functional groups attached at surface of the NPs. According to this, when 
water colloidal solutions of ZnO/2 eq monoAm (synthesized in THF) are heated, particle 
precipitation is expected. This manipulation was monitored using UV spectroscopy and 
the results are shown in Figure II.4.3. Temperature is increased in five degrees 
increments and equilibration time of 15 minutes is allowed before each measurement. 
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FigureII.4.3 II.4.3: Stability with temperature ZnO/2 eq MonoAm in water. 
The quantity of nanorod powder employed to perform these manipulations was 10 mg 
instead of 2 mg (samples shown in Figure II.3) and light scattering processes were 
already observed at 30°C, potentially due to solubility limitations. As the temperature 
increases, absorbance values below 360 nm decrease. This is most probably due to 
partial precipitation of the particles. Indeed, at the end of the experiment a white cloudy 
solid is observed at the bottom of the cell. 
II.5 DLS characterization 
Calculation of the hydrodynamic diameters for non spherical and polydisperse particles is 
complicated. Hydrodynamic diameter measurements of ZnO/2 eq monoAm synthesized 
in THF and dispersed in different solvents were performed. The results listed in Table II.5 
are merely illustrative and they cannot be considered as an accurate measure of the 
diameter. These experiments allow the estimation of the dispersion state and comparison 
to solutions containing oligomer alone or ZnO/bisAm. 
 Toluene Ethanol Acetonitrile Tetrahydrofuran Chloroform Water 
ZnO/monoAm 22 nm 20 nm 21 nm 20 nm 18 nm 35 nm 
Mono oligomer 14 nm 1 nm 2 nm 36 nm 1 nm 40 nm 
 
Table II.5: DLS illustrative data for ZnO/2 eq MonoAm in different solvents. 
For all solvents, the measured hydrodynamic diameter is around 20 nm. These values 
suggest that ZnO nanorods are well and probably individually dispersed regardless of the 
solvent employed. In the case of water, THF and toluene, similar values are obtained with 
the oligomer alone and with ZnO NPs. These results suggest that the colloidal stability of 
the ZnO NPs is governed by oligomer solubility properties. The values obtained for 
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ZnO/monoAm are smaller than in the case of ZnO/bisAm, probably due to better solubility 
in water of the monoAm species compared to the bisAm oligomer. 
II.6 Zeta potential characterization 
Values listed in Table II.6 correspond to measurements in which quality criteria are 
acceptable according to apparatus requirements. 
 Toluene Ethanol Acetonitrile Chloroform 
ZnO/monoAm 15.4 mV 0.7 mV 5.8 mV 15 .5 mV 
Mono oligomer -10.5 mV -7.9 mV -20.5 mV -21.7 mV 
 
Table II.6: Zeta potential values for ZnO/2 eq MonoAm in various solvents. 
ZnO nanorod colloidal solutions present lower zeta potential absolute value than 30 mV 
which is in agreement with incipient colloidal instability.9 Colloidal stability has been 
evidenced for at least 5 days. Steric effects of the oxyethylene chains can be proposed as 
a stabilizing mechanism rather than electrostatic charges.  
Similarly to the case of ZnO/bisAm systems, changes in the sign of the zeta potential 
value from negative (oligomer alone) to positive (after nanoparticle synthesis) are 
observed. These variations could be related either to amine protonation or removal of the 
water retained by the oxyethylene chain during the particle synthesis. 
II.7 Optical properties 
The optical properties of ZnO NPs synthesized by organometallic methods and stabilized 
using amine functionalities have already been introduced in Chapter I. Two different 
emission processes in the visible region are achieved by varying the excitation 
wavelength. Blue and yellow emission mechanisms have been indentified when using 
PEG derived oligomers containing two amine groups (bisAm moiety). Two different 
contributions to the blue emission are observed when measuring the ZnO/bisAm 
systems: one was attributed to the PEG species alone and the second contribution was 
related to the ZnO surface state (selective amine coordination). The contribution of the 
bisAm molecule was unexpected. Hence, study of the optical properties of monoAm was 
an important further step. The emission and excitation spectra of a solution containing 5 
mg of oligomer dissolved in 2 mL of water are shown in Figure II.7.1. 
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Figure II.7.1: Emission and excitation spectra of MonoAm oligomer in water. 
The plot to the left in Figure II.7.1 corresponds to the emission spectra of the monoAm 
sample. The spectra are recorded using λexc = 320 nm (≈ 3.88 eV; black line), λexc = 365 
nm (≈ 3.40 eV; red line) and λexc = 380 nm (≈ 3.26 eV; blue line). Clearly, the emission 
spectrum varies as a function of the excitation wavelength (in intensity and in band 
position). More than one contribution can even be observed. Each spectrum shows one 
small peak that stands out from the rest of the experimental data that shifts depending 
on the irradiation wavelength; it is attributed to Raman OH vibrations (of wave ≈ 3300 cm-
1). The same is also observed with ZnO NPs present.  
The plot to the right in Figure II.7.1 presents the excitation spectrum when the emission 
wavelength is fixed. Two different emissions are recorded at 450 nm (≈ 2.76 eV; black 
line) and at 580 nm (≈ 2.14 eV; red line). As the excitation wavelength decreases the 
intensity emitted by the oligomer increases. The monoAm oligomer exhibits inferior 
optical behavior than the bisAm molecule. 
The optical properties of aqueous colloidal solutions of ZnO nanorods synthesized in THF, 
using either 1 or 2 equivalents of monoAm, have been studied. Figure II.7.2 shows the 
emission spectra of a sample of ZnO/2 eq monoAm with variation of the excitation 
wavelength (similar experimental data profiles are obtained when measuring a sample of 
ZnO/1 eq monoAm, see Supporting Information). 
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Figure II.7.2: Emission spectra of a sample of ZnO/2 eq MonoAm oligomer in water. 
The plot to the left in Figure II.7.2 was recorded with excitation wavelengths between 280 
nm (≈ 4.43 eV) and 350 nm (≈ 3.54 eV). These energies are higher that the theoretical 
band-gap energy for bulk ZnO (≈ 3.35 eV; ≈ 370 nm). Due to crystalline defects the 
emitted energy is found in the yellow visible region (≈ 2.14 eV; ≈ 580 nm). For λexc = 280 
nm (red line) a yellow emission peak is observed. As the excitation wavelength increases 
(lower energy) a second emission contribution corresponding to a blue color is observed 
(≈ 3.69 eV; ≈ 460 nm). In addition, for λexc = 340 nm (black line) both emission processes 
are observed. Regardless of the excitation wavelength, one sharp small peak related to 
water Raman vibrations is observed. The plot to the right in Figure II.7.2 shows the 
emission spectra using excitation energies close to the band-gap energy, in particular 
3.35 eV (≈ 370 nm; red line); yellow and blue emission processes are observed. Finally, 
using lower energies than 3.35 eV (≈ 370 nm), only a blue emission is observed. 
When using lower excitation energies than that of the ZnO band-gap, a blue emission is 
observed and in contrast to the ZnO/bisAm NPs, the peak maximum of this emission 
does not change as a function of the excitation wavelength. Even if a high oligomer 
concentration is present in the sample, the contribution of the ZnO NPs blue emission 
dominates. Consequently, the contribution related to the monoAm oligomer alone is 
assumed to be negligible for the study of the ZnO/monoAm systems. 
The experimental data were fitted using Gaussian functions. The fitting was performed 
expressing the x axis in form of eV. Depending on the considered spectrum (presence of 
blue and yellow contributing components) fitting using single or multiple Gaussian 
functions was necessary in order to reproduce the experimental profile (see Supporting 
Information). The peak maximum value was left as a free parameter during the fitting 
process. Figure II.7.3 shows the results obtained with ZnO/1 eq monoAm and ZnO/2 eq 
monoAm (synthesized in THF) and dispersed in water. The left column corresponds to the 
ZnO/2 eq monoAm sample while the right column is related to ZnO/1 eq monoAm. Both 
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samples were observed to have similar average size by TEM and no changes in the 
optical properties related to particle size were expected as a result.  
 
Figure II.7.3: Data obtained from fitting emission spectra of ZnO/1 eq monoAm and 
ZnO/2 eq monoAm in water. 
Figure II.7.3 (first row) shows peak maximum values including their error obtained by 
using Gaussian fitting (two parallel lines). For both samples, the black lines are related to 
the yellow contribution whilst the red lines represent the blue contribution. For irradiation 
wavelengths close to the ZnO band-gap energy, where two emissions are observed, fitting 
using two Gaussian functions was necessary.  
With regard to the yellow emission, changes in the peak maximum are dependant on 
amine concentration. These changes cannot be attributed to size or solvent effects. When 
the ZnO/1 eq monoAm system is considered, an average maximum around 600 nm (≈ 
2.07 eV) is obtained (orange color region). With a higher amine concentration (ZnO/2 eq 
monoAm) an average maximum of approximately at 591 nm (≈ 2.10 eV) in noted.  
No change in the peak maximum is observed for the blue emission mechanism. Both 
samples show an average peak maximum of around 480 nm (≈ 2.58 eV, blue-green color 
region).  
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Figure II.7.3 (second row) shows the representation of peak area versus excitation 
wavelength. The yellow emission value is presented as black squares while red circles 
correspond to the blue emission. Both samples show similar behavior: yellow peak area 
values increase as the irradiation wavelengths increase. Such behavior is maintained 
until participation of the blue mechanism. The blue emission process is obtained with 
irradiation values close to the band gap energy value (excitation 380 nm; ≈ 3.26 eV). 
The excitation spectra for both samples under analogous conditions were recorded with 
fix wavelengths of 450 and 580 nm. These results are shown in Figure II.7.4. 
 
Figure II.7.4: Excitation spectra of ZnO/monoAm systems in water. 
The black line spectra in both plots correspond to an emission wavelength of 450 nm. 
The observed experimental profile confirm blue emission processes related to ZnO 
nanoparticles, with an intensity maximum for excitation energy values close to the band-
gap energy. As the excitation wavelength deviates from the band-gap energy the emitted 
light intensity decreases. As observed for systems formulated using bisAm oligomer 
(spherical particles) blue emission mechanism for ZnO NPs is observed.  
Yellow emission processes are also confirmed with an emission wavelength of 580 nm 
(red lines). However, the obtained experimental profile is slightly different compared to 
spherical particles (ZnO/bisAm) measured under analogous conditions. For spherical 
particles no emitted light is recorded until energies close to the ZnO band-gap. A sharp 
increased intensity is observed approximately at 3.26 eV (≈ 380 nm) keeping constant as 
the excitation energy increases and forming a plateau (see Chapter II, Paragraph III.7.2). 
In the case of the ZnO/monoAm systems, the experimental profile for λemi = 580 nm (no 
plateau) can be explained by the presence of non radiative processes. As the excitation 
wavelength decreases (higher energy), electronic transitions between the valence band 
and higher energy levels from the conduction band are allowed. Internal recombination of 
these excited states leads to a reduction in the emitted light intensity and no plateau 
region is observed for ZnO/monoAm nanorod particles 
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II.8 NMR studies 
Zeta potential values observed for ZnO nanorod systems suggested protonation of the 
amine group. In addition, the blue emission mechanism, related to the interaction of the 
amine group to the ZnO surface is observed by PL. The nature of this interaction is 
expected to be weak because the nanoparticles eventually precipitate over time.  
In order to investigate these hypotheses, rod samples synthesized in THF using either 1 
or 2 equivalents of monoAm are measured by NMR spectroscopy in D2O. The pH is 
controlled (pH ≈ 12) by addition of K2CO3 (5mg). Figure II.8.1 shows the 1H NMR 
spectrum of the oligomer alone under such conditions. 
 
Figure II.8.1: 
1
H NMR spectra of MonoAm oligomer alone in D2O at pH ≈ 12. 
The monoAm species presents three signals by 1H NMR. Two signals are observed at δ ≈ 
3.09 ppm and δ ≈ 3.45 ppm, respectively which are assigned to the α and β protons of 
the CH2 units located between the amine group and the oxyethylene chain. The 
hydrophilic chain itself shows one broad resonance at δ ≈ 3.59 ppm, that represents all 
the oxyethylene units and also the water molecules retained in the PEG chain. 
A comparison between the 1H NMR spectra of the oligomer alone and samples containing 
ZnO NPs under analogous conditions is shown in Figure II.8.2. Enlargement of the 
representative signals of the oligomer are shown. 
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Figure II.8.2: Enlargement of the 
1
H NMR spectra for α and β CH2 units close to amine 
group of monoAm alone and ZnO/monoAm in D2O measured at pH ≈ 12. 
In the presence of nanoparticles, the same signal pattern is also found (three signals). 
However, the protons located close to the amine function undergo a slight shift to lower 
field. The third spectrum shown in Figure II.8.2 corresponds to monoAm oligomer 
measured in the absence of NPs (MonoAm) whilst the first and second spectrum 
correspond to the ZnO/1 eq monoAm system and the ZnO/2 eq monoAm system 
respectively. As the oligomer concentration increases, the proportion of non-coordinated 
stabilizer increases and the proton spectra become more representative of that of the 
organic molecule alone. The vertical black lines shown in Figure III.8.2 mark the center of 
each signal. Taking the line as a reference, a shift of the α and β protons in presence of 
ZnO nanorods can be clearly observed. As in the case of the ZnO/bisAm systems, three 
possibilities could explain the shift: i) amine protonation during synthesis ii) coordination 
of the oligomer at the ZnO surface via electron doublet iii) amine coordination via 
hydrogen bonding. The first hypothesis can be ruled out because the pH is fixed at ≈ 12. 
The peak shift is not related to a pH effect 
DOSY experiments give information about the diffusion coefficient of the organic species 
in solution. Changes in the diffusion coefficient for an organic molecule in the presence of 
ZnO NPs can be used to estimate the strength of the interaction at the particle surface. In 
the case of the ZnO/monoAm systems, the measurements were performed under 
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controlled pH conditions (pH ≈ 12; 5 mg K2CO3) and in the presence of a fixed amount of 
N(CH3)4Cl (2 mg) as a standard. The presence of the latter molecule serves to determine 
medium fluctuations, in particular ionic strength and/or the viscosity. Figure II.8.3 shows 
the DOSY 2D representation for the oligomer alone (black) and in the presence of NPs 
(ZnO/1 eq monoAm in blue, ZnO/2 eq monoAm in red). 
 
Figure II.8.3: DOSY experiments of monoAm alone, ZnO/1 eq monoAm and ZnO/2 eq 
monoAm in D2O. 
The experimentally calculated value for the monoAm oligomer diffusion coefficient is 
around 1.0 10-10 m2.s-1, independent of particle presence or oligomer concentration. 
Three options could explain the latter observation: i) presence of large oligomer 
aggregates in which the ZnO NPs are included and that move slowly in solution 
(hydrodynamic radius by DLS was around 30 nm); ii) a large excess of free oligomer in 
solution leading to a lack of information about the system nanoparticle/oligomer (not 
consistent with 1H NMR); iii) a fast equilibrium coordination-decoordination of the amine 
groups, occurring at the nanoparticle surface on the NMR time scale. 
II.9 Conclusions 
The implementation of the PEG derived oligomer containing a single amine function for 
the synthesis of ZnO NPs by organometallic procedures has shown to be successful. The 
proposed multi-solvent properties have been confirmed. In addition, control of the 
stabilizing agent concentration induces particle anisotropy at ambient temperature. 
Different length nanorod ZnO particles can be obtained by varying the characteristics of 
the solvent in which the synthesis is performed. Moreover, the addition of acid leads 
nanotriangle particles. These results confirm versatility with respect to morphological 
control shown by this direct synthesis procedure. The ZnO/MonoAm system has shown 
monoAm oligomer
ZnO/1 eq monoAm
ZnO/2 eq monoAm
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better stability over time comparing to the systems presented in Chapter II (ZnO/bisAm, 
stabilized by an oligomer containing two amine functions per molecule). 
III. Control of optical properties 
During optical characterization of ZnO nanoparticles stabilized by amine derivatives it has 
been proposed that amine coordination is responsible for the blue emission mechanism. 
This hypothesis has been experimentally confirmed for the amine PEG stabilizer and for 
long-alkyl chain amine stabilized systems (originally studied in our research group).4,10-11 
In accordance with this, if short oxyethylene PEG derived oligomers containing other 
functional group than amine functions are used as stabilizers, controlled optical 
properties of ZnO NPs in water could be achievable. Poly(ethylene glycol) 
bis(carboxymethyl) ether (average Mw ≈ 600, bisAc, Figure III) was tested for the direct 
synthesis of ZnO NPs.  
 
Figure III:
 
BisAc PEG oligomer tested for ZnO NPs synthesis. 
This molecule has already been successfully used as a stabilizer of ZnO NPs of around 10 
nm, presenting green emission properties.12 Additionally, some authors have taken 
benefit of the solubility properties of bisAm species as a building block for the 
construction of organic molecules later employed as nanoparticle stabilizers. Metal oxide 
particles,13-15 quantum dots16 or metallic17-18 particles were solubilized in water when 
bisAc derived stabilizers are used. However, bisAc oligomers are well known to have high 
water contents and drying processes are not always successful with these molecules. 
Indeed, no reported examples of organometallic nanoparticle syntheses using the bisAc 
oligomer can be found in the literature. ZnO NPs have been synthesized using different 
oligomer concentrations (see Experimental section). The powders obtained were later 
characterized by various techniques. 
III.1 TEM 
The bisAc oligomer was tested with various concentrations (0.01, 0.05, 0.10 and 0.2 
equivalents, calculated with respect to the number of zinc atoms introduced in the 
synthesis). Surprisingly, the powders obtained cannot be dispersed in organic solvents; 
even under sonication or heating. Conversely, these powders are easily dispersed in 
water. This observation suggests differencing behavior when compared to systems 
stabilized by PEG-amine oligomers. Another significant difference is observed during the 
synthetic preparation. Upon addition of the [ZnCy2] precursor to a solution of bisAc in THF, 
the originally transparent solution becomes turbid (after ≈ 10 minutes). As moisture in 
the air diffuses into the Schlenck tube, transparency is reestablished subsequently 
n ≈ 10
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(except in the case of the ZnO/0.2 eq bisAc system). For the sample produced using 0.2 
eq of bisAc, the turbid mixture evolves towards precipitation. This might be due to the 
formation of insoluble zinc carboxylate complexes. The four powders obtained were 
dispersed in water in order to prepare grids for TEM measurement. The results are shown 
in Figure III.1. 
 
Figure III.1:
 
TEM images taken from ZnO/bisAc systems after dispersion in water. 
After particle formation, the solutions prepared by powder dispersion (0.01 eq and 0.20 
eq) were turbid. When measuring the ZnO/0.2 eq bisAc system by TEM, no particles were 
found. Initial turbidity is observed due to the formation of insoluble zinc carboxylate 
complexes. The thermodynamic constant of these complexes is high. With high oligomer 
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concentrations, a high proportion of [ZnCy2] is transformed into the latter complexes. 
Local hydrolysis heating is not strong enough sustain the reaction until nanoparticle 
formation; and the as a result complexes precipitate. 
With the remaining samples (Figure III.1), hexagonal particles are observed suggesting 
formation of crystalline ZnO NPs (zincite structure). The corresponding size histograms 
(right column Figure III.1) show large size dispersions. With a low oligomer concentration, 
a non negligible amount of particles measuring ≈ 20 nm is observed. As the oligomer 
concentration increases, smaller particles are observed. The data obtained from the size 
histograms are fitted using Gaussian functions. The maximum from the fit relates to the 
average size value while the size dispersion corresponds to the half-height of the function 
divided by two (standard deviation). These data are listed in Table III.1. 
 Size (nm) 
ZnO 0.01 eq bisAc 6.3 ± 1.8 
ZnO 0.05 eq bisAc 5.4 ± 1.5 
ZnO 0.10 eq bisAc 4.7 ± 1.1 
Table III.1:
 
Mean size and size dispersion of ZnO/bisAc systems. 
The average size decreases as the oligomer concentration increases (6 nm for lower and 
5 nm for higher concentration). However, the obtained values are larger than those 
obtained for systems stabilized using long-alkyl chain acids (approximately 3.5 nm ± 0.5 
nm) The behavior in solution of the ZnO/bisAc systems was studied. 
III.2 UV spectroscopy 
According to the TEM observations, only samples synthesized using 0.01, 0.05 and 0.10 
equivalents of the bisAc oligomer rendered ZnO NPs. These particles were dispersible in 
water. Aqueous colloidal solutions containing these systems were investigated by UV-Vis 
absorbance spectroscopy in order to confirm the presence of ZnO. Colloidal solutions 
formulated by adding 2 mL of water to 2 mg of the ZnO/0.01 eq bisAc system produced 
turbid “milky” mixtures, even with sonication or heating. Hence, it was decided to 
characterize aqueous solutions of the samples of ZnO/0.05 eq bisAc and ZnO/0.10 eq 
bisAc. Figure III.2 shows the UV spectra of the latter solutions. 
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Figure III.2:
 
UV absorbance spectra of ZnO/bisAc systems. 
The UV spectrum (390 nm to 700 nm) related to the ZnO/0.05 eq bisAc systems (red 
line) presents high contribution by light scattering processes and a sharp increase in 
absorbance between 390 and 360 nm (ZnO NPs). When a higher oligomer concentration 
is introduced in the synthesis (black line) the nanoparticle are better dispersed and the 
scattering processes are reduced. A minimal bisAc concentration is necessary to 
completely solubilize the powder; the oligomer alone is highly water soluble. 
To conclude, when an excess of oligomer (high concentration) is introduced in the 
synthesis, formation of zinc carboxylate complexes is favored over nanoparticle 
formation. If a lower concentration of oligomer is used to perform the synthesis, the 
obtained nanoparticles are not very soluble in water. 
III.3 Colloidal stability 
After aqueous solution preparation, no visual changes with respect to the samples are 
observed for at least one week. This observation suggests increased colloidal stability 
when compared to systems stabilized using bisAm molecules. The measured pH value of 
the aqueous solutions containing the bisAc oligomer is around 3 while in the presence of 
ZnO NPs higher values, close to 7, are observed. 
A sequence of UV-Vis spectra are recorded as a function of increasing temperature. The 
temperature is raised in 5°C increments and a 15 minutes equilibration time is employed 
at each temperature. The results from this study, for the ZnO/0.10 eq bisAc system are 
shown in Figure III.3. 
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Figure III.3:
 
UV absorbance spectra of ZnO/bisAc systems in water at different 
temperatures. 
As previously discussed with the ZnO/bisAm and ZnO/monoAm systems, scattering 
processes are observed to increase with increasing temperature. This is again due to the 
PEG moieties that becomes hydrophobic and start aggregating at higher temperature. At 
the end of the experiment a white precipitate is observed at the bottom of the cell. 
III.4 DLS and Zeta Potential characterization 
Hydrodynamic diameter and zeta potential measurements have been performed. Results 
related to these analyses, compared to solutions containing the bisAc oligomer alone are 
listed in Table III.4. 
 DLS size Zeta potential 
BisAc oligomer 2 nm 2.7 mV 
ZnO 0.05 eq bisAc 60 nm 12.7 mV 
ZnO 0.10 eq bisAc 11 nm 18.8 mV 
Table III.4: DLS and Zeta potential values for ZnO/bisAc systems in water. 
The value obtained for the oligomer alone is simply illustrative due to quality measuring 
requirements demanded by the device. However, the value obtained serves to propose 
well dispersed oligomer in water. In the presence of ZnO NPs, even if the average size 
obtained by TEM was similar for both samples (around 5 nm), particles are better 
dispersed with a higher concentration of bisAc. With the ZnO/0.10 eq bisAc system, a 
hydrodynamic diameter of around 11 nm is obtained, which corresponds to individually 
dispersed nanoparticles rather than aggregated nanoparticles. In the case of the 
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ZnO/0.05 eq bisAc system, a hydrodynamic diameter of 60 nm is obtained which 
suggests particle aggregation. 
Comparison of the zeta potential values of bisAc alone and the ZnO/bisAc systems 
indicates that positive charges are produced during the nanoparticle synthesis. Two 
possibilities can explain this fact: i) removal of water retained in the oxyethylene chain of 
the oligomer ii) the pH value of the ZnO/bisAc system is found between 7 and 8. Hydroxyl 
groups presented in the solvent medium are responsible for the zeta potential value 
change. The obtained values for ZnO NPs are lower than 30 mV, the stabilization for 
these systems relies on steric impediments rather than electrostatic repulsion. 
III.5 Optical properties 
As has been widely discussed throughout this Thesis, the optical properties of ZnO 
nanoparticles, synthesized using an organometallic approach, depend on their surface 
state. Amine-stabilized nanoparticles show two different emission processes. For 
particles stabilized using carboxylic acids, one emission, regardless of the excitation 
energy can be expected. This hypothesis is confirmed when aqueous colloidal solutions of 
the ZnO/bisAm system are analyzed by fluorescent spectroscopy. The emission spectra 
related to a sample stabilized using 0.1 equivalents of oligomer are shown in Figure 
III.5.1. (λexc = 280 - 420 nm). 
 
Figure III.5.1: Emission spectra of ZnO/0.10 eq bisAc in water at different excitation 
wavelengths. 
Independant of λexc a single emission peak is observed. The maximum of the emitted light 
is located around 590 nm (≈ 2.10 eV; yellow color). With excitation energy lower than that 
of the ZnO band-gap (3.35 eV; ≈ 370 nm) no second emission process is observed.  
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Each experimental emission spectrum is fitted using Gaussian functions (see Supporting 
Information). One emission maximum and the peak area are obtained at each excitation 
wavelength. Figure III.5.2 shows graphical representations of these data for the Zn/bisAc 
systems (0.05 or 0.10 eq). Minor differences are observed upon comparison of the 
ZnO/bisAc based systems. In particular, with the ZnO/0.10 eq bisAc system, the average 
maximum is found around 590 nm (≈ 2.10 eV; yellow color); while in the case of the 
ZnO/0.05 eq bisAc system the maximum is shifted by ≈ 20 nm (610 nm; ≈ 2.03 eV, 
orange color). This difference might be related to variation in nanoparticle average size 
(4.7 nm with ZnO/0.10 eq bisAc and 5.4 nm with ZnO/0.05 eq bisAc). Little error is 
associated with the maximum values obtained (black error bars).  
 
Figure III.5.2: Data calculated from emission spectra of ZnO/bisAc systems. 
As observed for both systems studied (Figure III.5.2, second row), the peak area of the 
yellow light emission varies as a function of the excitation energy. As the irradiation 
energy decreases (values higher than the ZnO band-gap energy) the emitted amount of 
photons progressively increases until the Eexc (excitation energy) is close to that of the 
band-gap. 
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The absence of the blue emission mechanism processes further evidences the 
dependence of optical properties on the surface state. This is also observed in the 
excitation spectra. Figure III.5.3 shows the spectra for both samples at emission 
wavelength of 450 nm (relate to the blue emission mechanism) and at 580 nm (related 
to the yellow emission mechanism). 
 
Figure III.5.3: Excitation spectra of ZnO/bisAc systems in water. 
Excitation spectra recorded at a fixed emission wavelength of 450 nm (red lines) of both 
samples show very low intensity regardless of the excitation wavelength. These 
experimental profiles confirm the absence of emission mechanisms related to the 
surface state or oligomer activity. As expected for both systems, when the emission 
wavelength is 580 nm (black lines) the profile is linked to band-gap promotions and the 
yellow emission mechanism. In order to investigate the surface state of these systems 
NMR characterization was performed. 
III.6 NMR studies (stabilization mechanism) 
[ZnCy2] is sometimes polluted (see Experimental Section) and the hydrolysis process 
leads to cyclohexanol as a by-product. When aqueous dispersions of the ZnO/bisAc 
systems are measured by 1H NMR spectroscopy high of by-product amounts were found 
making peak assignment difficult. A combination of NMR analyses including 1H, 13C{1H}, 
2-D NMR spectroscopy and DOSY were performed for the ZnO/bisAc systems. Figure 
III.6.1 shows the 1H NMR spectrum (upper spectrum) and the 13C NMR spectrum (bottom 
spectrum) of the bisAc oligomer in the absence of NPs. 
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Figure III.6.1: 
1
H and 
13
C{
1
H} NMR spectra of the bisAc oligomer in NPs absence in 
D2O. 
The 1H spectrum of the bisAc oligomer shows two groups of signals. The first one is 
located around 3.65 ppm and is attributed to the oxyethylene unit (labeled as a). The 
singlet at δ ≈ 4.18 ppm is assigned to the α-CH2 protons. 
In the 13C spectrum (Figure III.6.1, bottom) three peaks are observed. One is related to 
the carbon atom located between oxyethylene chain and the carboxylic functionality (δ ≈ 
67.7 ppm). The second characteristic resonance is observed approximately at δ ≈ 70.1 
ppm is attributed to the first carbon atom of the oxyethylene chain, adjacent to the 
OCH2COOH group. The third one is attributed to the rest of the oxyethylene chain (δ ≈ 
69.7 ppm). The carbon peak related to the carboxylic acid unit is observed at δ ≈ 173.8 
ppm (not shown, see Supporting Information). 
High pollution by cyclohexanol was found in the ZnO/bisAc systems. Characterization of 
the nanoparticles by 1H NMR spectroscopy was complicated. Figure III.6.2 shows changes 
in the 13C{1H} NMR of these systems comparing oligomer alone (labeled as PEG-COOH) 
and ZnO NPs (labeled in Figure III.6.2 as ZnO + 0.1 eq PEG-COOH) 
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Figure III.6.2: 
13
C{
1
H} NMR comparison between bisAc and ZnO/0.10 eq bisAc in D2O. 
In presence of ZnO NPs the peak assigned to the carbon closest to the acid functionality 
and the one form the carboxylic function itself have disappeared. The peak from the first 
methylenic carbon of the PEG chain is shifted to higher fields (δ ≈ 69.4 ppm). These 
results are in agreement with a strong carboxylate group interaction at the particle 
surface. In addition both carboxylate groups are indicated to be interaction and are 
indistinguishable by NMR. Reduction of organic molecule movement is responsible for 
peak disappearance. Unfortunately, these observations regarding oligomer interaction 
are not confirmed by DOSY experiments (Figure III.6.3). 
 
Figure III.6.3: DOSY 2D representation for ZnO/0.1 eq bisAc compared to bisAc alone. 
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The diffusion coefficient calculated in the presence and the absence of ZnO NPs is 2.3 
10-10 m2.s-1. Even if carboxylate interaction at the nanoparticle surface has been 
evidenced by NMR in the presence of ZnO, the diffusion coefficient found for the oligomer 
does not undergo change. 
III.7 Conclusions 
The direct synthesis strategy of ZnO NPs by an organometallic approach has shown to be 
versatile in order to obtain controlled optical properties of water dispersible systems. 
Particle surface state leads to one or two emission. The grafting of the carboxylic acid 
PEG derived oligomer (bisAc) by carboxylate groups at the surface, has led to ZnO NPs 
presenting yellow emission. Average size and size dispersion of these particles is high 
compared to particles synthesized using long alkyl-chain carboxylic acids. However, these 
parameters can be optimized by varying the oligomer concentration during the synthesis. 
Aqueous colloidal solutions containing these particles have been characterized. 
IV. Preliminary tests on 2D organization 
Using mixtures containing long-alkyl chain carboxylic acids and long-alkyl chain amine 
molecules as stabilizers, ZnO NPs capable of arranging in 2D and 3D supercrystals can 
be synthesized.10,19 With acid:amine ratio 0.5:1, smaller size particles with lower size 
dispersion are obtained.10 Depending on the particle concentration in solution self-
arrangement of the crystals can be controlled.19 However, these systems are able to form 
colloidal solutions in organic solvents such as THF but not in protic ones. The direct 
synthesis approach was applied to obtain water dispersible ZnO supercrystals. ZnO NPs 
were synthesized by an organometallic approach using mixtures of the bisAc/OA or 
bisAc/bisAm stabilizers. In both cases, the acid:amine ratios were varied (1:0.5, 1:1 or 
0.5:1). First promising preliminary results are presented here. 
IV.1 TEM 
ZnO particles are obtained as powders that are subsequently dispersed in THF and in 
water (2 mg of powder in 6 mL of solvent). For samples in which OA is present in the 
stabilizing mixture a slight turbidity is observed. These solutions were employed to 
prepare grids to be observed by TEM. Figure IV.1.1 shows images taken from a range of 
these samples. Each photo is labeled according to the number of equivalents of stabilizer 
calculated with respect to the zinc concentration. The OA molecule presents one amine 
group. In order to establish the right acid:amine ratio, the concentration of OA is twice 
that of the bisAm stabilizer (two amine functions). For example, ZnO/0.1 eq bisAc/0.2 eq 
bisAm and ZnO/0.1 eq bisAc/0.4 eq OA present similar acid:amine ratios. 
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Figure IV.1.1:
 
TEM images from ZnO/amine/carboxylic acid. 
Small spherical particles are observed regardless of the stabilizer. This suggests 
crystalline ZnO formation. In both solvents, these particles are individually dispersed and 
agglomerates are not observed. Those samples measured by TEM were treated in order 
to build individual size histograms as previously discussed (see Supporting Information). 
The data for a range of samples is presented in Table IV.1. 
Ligand (per mole ZnCy
2
) Solvent Nanosphere size [nm] 
0.1eq BisAc/0.1 BisAm  Water  3.7±0.7  
0.1eq BisAc/0.05 BisAm  THF 4 ± 3  
0.1eq BisAc/0.2 BisAm  THF 3.5 ± 0.9  
0.1eq BisAc/0.1 OA  Water  3.9 ± 0.7  
0.1eq BisAc/0.2 OA  Water  3.8 ± 0.6  
0.1eq BisAc/0.4 OA  Water 3.6 ± 0.7  
0.1eq BisAc/0.2 OA  THF  3.4 ± 0.4  
0.1eq BisAc/0.4 OA  THF  3.4 ± 0.8  
Table IV.1: Average size and size dispersion form ZnO NPs synthesized using amine and 
carboxylic acid functions. 
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In general, the average size is lower than 4 nm while the size distribution is lower than 1 
nm. These results are comparable to those already published by our research group using 
OA/Oleic acid mixtures.10 Similarly to that observed in these previous reported studies a 
ratio of 0.5:1 (acid:amine) led to smaller particles. The average size and the size 
distribution do not vary as function of the solvent in which the particles are dispersed. 
More concentrated ZnO colloidal solutions were prepared using 2 mg of powder in 2 mL 
of solvent (water and THF) and measured by TEM. All samples have acid:amine ratio of 
0.5:1 (ZnO/0.10 eq bisAc/0.2 eq bisAm and ZnO/0.10 eq bisAc/0.4 eq OA). Images 
taken during these experiments are shown in Figure IV.1.2. 
 
Figure IV.1.2:
 
TEM images from ZnO/amine/carboxylic acid concentrated samples. 
Colloidal solutions employed to prepare samples measured by TEM were initially 
completely transparent; however fast formation of a white precipitate was observed (2 
hours). Even if the girds were prepared during the transparency period aggregates were 
observed. The way particles are arranged suggests 2-D organization. Due to the thickness 
of these particle deposits, TEM microscopy is not appropriate for observation. The nature 
of these potential particle arrangements was investigated using Scanning Electron 
Microcopy (SEM).  
IV.2 SEM 
ZnO colloidal solutions prepared using 2 mg of powder in 2 mL of solvent (water and THF) 
were employed to prepare the samples to be measured by SEM. The images shown in the 
Figure IV.2 are representative of the results obtained using this technique. 
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Figure IV.2:
 
SEM images from ZnO/amine/carboxylic acid 
Initially, it was decided to study the samples in which the average size calculated from 
TEM images was smaller. Unfortunately, when those samples synthesized using an 
acid:amine ratio 0.5:1 were measured blurred images due to particle organic coating are 
observed (left image). All attempts to study these samples using high magnification led to 
unsatisfactory images where limited information could be detained. Therefore, no 
conclusion should be taken from these analyses.  
Samples containing lower organic coating amounts were measured. Figure IV.2 shows a 
SEM photo taken from the sample ZnO/0.1eq bisAc/0.05 eq bisAm (1:0.5). This image 
suggests particle arrangement forming planes (2-D). However, the planes are not 
homogenously covered by particles potentially due to packing distortion by particle size 
dispersion. In order to confirm the 2D self-organization it would be necessary to remove 
the organic coating. One feasible methodology to remove the coating would be to treat 
the ZnO NP deposits by heating prior to SEM observations. Controlled heating would allow 
for more resolved images by SEM with ZnO NPs (acid:amine ratio 0.5:1).  
IV.3 UV spectroscopy 
ZnO NP powder synthesized using mixtures of the bisAc/bisAm oligomers were dispersed 
in water and measured by UV spectroscopy. Figure IV.3 shows results from these 
experiments. 
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Figure IV.3:
 
UV spectroscopy ZnO / bisAm / bisAc systems in water. 
ZnO NP formation is confirmed by the profile of the absorbance spectra. These systems 
tend to rapidly form agglomerates; hence light scattering is observed. 
IV.4 Conclusions 
Water dispersible ZnO NPs were synthesized by an organometallic methodology by mixing 
amine derived and carboxylic acid derived stabilizers. These particles were found to be 
small (confirmed by TEM). Formation of aggregates after production of colloidal solutions 
using these systems was observed to be a general trend. Formation of supercrystals can 
be proposed as an explanation for precipitation. This hypothesis has been studied by 
SEM analysis and shows promising results. 
V. Summary 
This Chapter highlights the use of single amine PEG derived oligomers as stabilizers that 
leads to improved aqueous colloidal stability. In addition, particle anisotropy has been 
observed to be dependant upon oligomer concentration and the solvent medium. Rod-
like nanoparticles or nanotriangles are available by procedural changes. 
Investigation of the optical properties exhibited by ZnO NPs has been accomplished as a 
part of this study. Variation of the particle surface state by functionallization with 
carboxylate groups has led to aqueous ZnO colloidal solutions emitting only in the yellow 
region. 
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Finally, it has been proposed that ZnO NP 2D organization is achievable in water by using 
a mixture of carboxylic acid and amine functionalities present in the stabilizer. However, 
this hypothesis needs to be fully confirmed by further characterization. 
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I. Introduction: 
The solubility properties of colloids of inorganic nanoparticles depend on their surface 
state. The synthesis of nano objects by physical methods lead to surface-naked particles. 
In contrast, chemical approaches of NPs using stabilizing agents enable nanoparticle 
colloidal solutions to be obtained via control of the surface state. Dependant on the 
synthetic procedure adopted, the nature of the metallic precursor and stabilizing agent 
varies and in addition, the selection of the stabilizer governs the solubility of the resulting 
particles. Organometallic methodologies normally employ long chain alkyl stabilizers and 
as a result solubility limitations are well established. Post-synthetic modification is 
necessary to obtain particles dispersed in the desired solvent (ligand exchange or bilayer 
formation).  
ZnO NPs synthesized using an organometallic approach and exhibiting solubility in a wide 
range of solvents have been obtained using a variety of new stabilizing agents (Chapters 
II and III). The wider applicability of the synthetic procedure developed for ZnO NPs to 
other nanoparticle systems was investigated. As a result, a range of metal oxide and 
metallic nanoparticles stabilized by PEG oligomers and with multi-solvent dispersability 
have been produced. Preliminary results related to the metal oxide and metallic 
nanoparticles are topics of discussion within this chapter. These procedures have been 
developed with patenting purposes. 
II. Metallic particles 
Metallic particles are particularly desirable for catalysis applications, mainly in the case of 
noble metal materials. In addition, when nanosized, some metals have shown enhance 
magnetic properties (Co, Ni or Fe) while others interesting optical properties due to 
surface plasmons (especially intense with Au and Ag NPs). A wide range of applications is 
envisaged for nanoscale materials including those in the fields of medicine, electronics, 
catalysis or information storage. The surface state (but not exclusively) governs the 
resulting chemical and physical properties of the metallic particles. For catalytic 
application surface availability is mandatory while for other applications control of the 
surface state enhance magnetic or optical behavior. 
Several reduction methods have been used to synthesize metallic NPs via a chemical 
approach.2-4 However, these procedures display a lack or variability in terms of 
morphological control. Salt reduction using reverse micelle procedures has led to defined 
NP shapes such as spheres, rods or wires which may be assembled on various 
substrates.5-6 These processes required the presence of various salts and water in the 
medium, which leads to potentially passivated surfaces or undesirably attached ions. The 
use of an organometallic precursor able to decompose either spontaneously or in the 
presence of a reducting gas would be considered a valuable alternative for the synthesis 
of metallic NPs. Two advantages could be expected: 1) the metal is pre-reduced either in 
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a low oxidation state (preferably zerovalent) or in a formal oxidation state leading to net 
metal reduction 2) the displacement of suitable organic ligands under mild conditions 
should enable metal surfaces to be obtained without polluting attached species. Tuning 
of the organometallic precursor, stabilizing agent and synthetic conditions has 
remarkably enabled the synthesis of numerous metallic particles with controlled size and 
morphology.7-18 An extensive review on the synthesis organometallic of nanoparticles has 
been previously reported.19 
The synthesis of NPs using this approach has led to insoluble materials in protic solvents 
due to the use of long-alkyl chains as stabilizers, therefore limiting their range of potential 
applications. Recently, other stabilizers ones than long-alkyl chain carboxylic acids or 
amines have been studied in order to solve these limitations. Pt and Ru particles have 
been synthesized by an organometallic approach using 1,3,5-triaza-7-
phosphatricyclo[3.3.1.1]decane (PTA) as a stabilizer (ligand known for tuning the 
solubility properties of molecular complexes). The metallic NPs obtained using PTA have 
shown ability to form aqueous colloidal solutions.20 As will be highlighted within this 
chapter, PEG derived oligomers as stabilizing agents allow the formation of multi-solvent 
dispersible metallic NPs. 
A new PEG oligomer containing a single carboxylic acid functionality was introduced. This 
species poly(ethylene glycol) bis(carboxymethyl) ether (monoAc), has an average 
molecular weight of 3000 g/mol and its structure is shown in Figure II.1. 
 
Figure II.1: MonoAc stabilizer utilized for the synthesis of metallic nanoparticle. 
The oligomer shown in the Figure II.1 has been successfully employed to synthesize ZnO 
NPs following the procedure described for ZnO/bisAm or ZnO/bisAc (see Experimental 
Section). However, the particles have not been characterized. In order to illustrate ZnO 
NPs formation Figure II.2 shows an image taken by TEM of the ZnO/0.3 eq monoAc 
system synthesized in THF and dispersed in water. 
n ≈ 60
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Figure II.2: TEM image of ZnO/0.3 eq monoAc synthesized in THF and dispersed in 
water. 
Synthesis of metallic NPs by an organometallic approach has been performed using PEG 
oligomer species (see Experimental Section). Various stabilizers with different 
concentration and conditions were studied. In order to summarize the conditions of the 
reactions performed, Table II shows the metallic precursor used, the reductive gas and 
the stabilizing agent employed with each case. These reactions that rendered stable 
colloidal nanoparticles are labeled Yes and those that led to precipitation are labeled No.  
Metallic 
particle 
Precursor Reductive 
gas 
BisA
m 
MonoAm MonoAc MonoAc/
MonoAm 
Ru [Ru(cod)(cot)] H2 Yes Yes No Yes 
Pd [Pd2(dba)3] H2 No No No Yes 
 
 
Pt 
 
[Pt(Me)2(cod)] 
 
H2/CO 
Not 
teste
d 
 
No 
 
No 
 
No 
[Pt2(dba)3] H2 No No No Yes 
 
Fe 
 
[Fe(N(Si(CH3)3)2)2]
2 
 
H2 
Not 
teste
d 
 
Yes 
 
No 
 
Yes 
Table II: Stabilizers tested for metallic nanoparticle synthesis. 
Stable metallic NPs were not obtained when the monoAc oligomer is employed as the 
sole stabilizer regardless of its concentration. This suggests a low affinity of the carboxylic 
groups for the metal surfaces. However participation of the acid group in the synthetic 
process cannot be ruled out as this is required to obtain stable particles. In the case of 
ZnO/0.30 eq monoAc in H2O 
100 nm
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Pd or Pt nanoparticles, utilization of a single amine oligomer as a stabilizer led to particle 
precipitation.  
Specifically in the case of Pt NPs, a second precursor was tested: (1,5-cyclooctadiene) 
dimethylplatinum (II). Heating to 60 °C is required (reaction performed in THF) result in 
precursor decomposition. Additionally, two reactant gases were employed; carbon 
monoxide and di-hydrogen. Regardless of the experimental conditions or the nature of 
the stabilizers employed, precipitates are obtained after precursor decomposition.  
In the case of palladium, NPs are obtained as stable colloidal solutions in THF (see 
Experimental Section) only when a minimal amount of monoAm/monoAc mixture was 
present. Lower concentrations (than those shown in the Experimental Section) led to 
particle precipitation after 6 hours.  
The cases in which stable colloidal metallic nanoparticles were obtained have shown. In 
addition, solubility in a wide range of solvents including in water was studied. 
II.1 TEM 
Diameter length counting was performed in order to build size histograms (see 
Supporting Information). Gaussian fitting of the histograms allowed average NP size and 
size dispersion to be obtained for each synthesis. 
II.1.1 Ruthenium NPs 
The resulting Ru/bisAm powder yields relatively unstable colloidal solutions (30 minutes). 
However, as shown in Figure II.1.1.1 individually dispersed nanoparticles are obtained. 
Figure II.1.1.1: TEM images of Ru/bisAm in water (left) and anisole (right). 
The average size of these spherical particles (around 3 nm) does not vary as a function of 
the solvent medium (insignificant morphological changes). Smaller particles result under 
analogous conditions but using a mixture of monoAm/monoAc stabilizers instead of 
bisAm. Images related to this are shown in Figure II.1.1.2 
100 nm
Ru/bisAm in H2O
50 nm
Ru/bisAm in anisole
3.1 ± 0.8 nm 2.7 ± 0.6 nm
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Figure II.1.1.2: TEM images of the Ru/monoAm/monoAc system in different solvents. 
Well dispersed spherical metallic nanoparticles of around 1.3 nm are obtained using a 
mixture of the monoAm/monoAc stabilizer. No significant variation in the average particle 
size is observed upon variation of the solvent medium. Using the monoAm oligomer as a 
stabilizing agent instead of the mixture monoAm/monoAc, even smaller particles are 
obtained (≈ 1.2 nm). In addition, no precipitation is observed after one month. Colloidal 
Ru/monoAm samples are more stable in a range of solvents comparatively to the 
previously shown ruthenium samples (Ru/bisAm or Ru/monoAm/monoAc). Images 
related to Ru/monoAm NPS dispersed in water, THF, toluene and anisole are shown in 
Figure II.1.1.3. 
Ru/monoAm/monoAc in H2O
50 nm
Ru/monoAm/monoAc in THF
50 nm
Ru/monoAm/monoAc in Anisole
50 nm
1.2 ± 0.3 nm 1.3 ± 0.3 nm
1.4 ± 0.5 nm
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Figure II.1.1.3: TEM images of the Ru/monoAm system in different solvents. 
Very small Ru NPs (around 1.2 nm ± 0.3 nm) are obtained under such conditions 
irrespective of the solvent medium in which they are dispersed. These results suggest 
size control depends on the selected stabilizer (from 3 nm using bisAm to 1.2 nm average 
size using monoAm). In addition, these results are comparable in terms of the average 
particle size and size distribution to those already published by our research group using 
long-alkyl chain amine stabilizers.16 The Ru/long-alkyl chain amine systems are not 
dispersible in water. In contrast, the Ru/PEG systems are water soluble and stable for at 
least one month. This difference can be exploited for catalytic applications in non-
polluting solvents such as water. 
II.1.2 Palladium NPs 
Slightly larger particles compared to those synthesized with the Ru/monoAm/monoAc 
system are obtained for Pd using an analogous stabilizing mixture. Images taken by TEM 
are shown in Figure II.1.2 which illustrates the shape of the resulting particles. 
Ru/monoAm in H2O
50 nm1.1 ± 0.3 nm
Ru/monoAm in THF
50 nm1.2 ± 0.3 nm
Ru/monoAm in Toluene
50 nm1.2 ± 0.3 nm
Ru/monoAm in Toluene
100 nm1.4 ± 0.4 nm
CHAPTER IV: 
[“DIRECT SYNTHESIS” AS A GENERAL APPROACH TO WATER 
DISPERSIBLE NPS] 
 
231 
 
 
Figure II.1.2: TEM images of the Pd/monoAm/monoAc system in water (left) and THF 
(right). 
Spherical particles of around 1.6 nm are observed irrespective of the solvent medium in 
which the powder is dispersed. 
II.1.3 Platinum NPs 
With reference to platinum NPs, control of the average particle size and morphology using 
hexadecylamine amine as a stabilizing agent has been demonstrated within our group.8 
Dendrites, isolated particles or wires are achievable simply by variation of the reaction 
conditions.8 In particular, synthesis of Pd NPs using a monoAm/monoAc stabilizing 
mixture led to dendritic structures (Figure II.1.3). 
 
Figure II.1.3: TEM images of the Pt/monoAm/monoAc system in water (left) and anisole 
(right). 
No morphological changes are observed after dispersion in both water and anisole. 
Pd/monoAm/monoAc in H2O
50 nm1.7 ± 0.6 nm
Pd/monoAm/monoAc in THF
50 nm1.6 ± 0.5 nm
Pt/monoAm/monoAc in H2O
50 nm
Pt/monoAm/monoAc in Anisole
50 nm
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II.1.4 Iron NPs 
The synthesis of iron nanoparticles is not performed at ambient temperature. Heating is 
required to result in decomposition of the organometallic precursor. The powders 
obtained were dispersed in various solvent including water, anisole, toluene or 
mesythylene. After dispersion in water, the solutions turned from black to orange until a 
solid (orange) precipitated. This observation is postulated to be result due to particle 
oxidation. Figure II.1.4.1 shows TEM images taken with the Fe/monoAm system 
dispersed in water and anisole. Due to oxidation processes morphological changes could 
occur prior to TEM observation.  
 
Figure II.1II.1.4.1: TEM images of the Fe/monoAm system in different solvents. 
Spherical particles of around 1.4 nm are obtained in both water and in anisole. Our 
research group has previously reported morphological control of Fe NPs by performing 
the synthesis using a mixture of long-alkyl chain amine and carboxylic acid based 
stabilizers. Regular cube Fe nanoparticles were obtained using such conditions.12 In 
addition, these nanocubes were able to self-arrange, producing supercrystals.  
A mixture of PEG derived carboxylic acid (monoAc) and PEG derived amine (monoAm) 
stabilizers was employed following analogous procedure. The powder obtained was 
dispersed in various solvents (water, anisole, toluene and mesythylene). Similarly to that 
noted for the Fe/monoAm system particle oxidation prior to TEM observation cannot be 
excluded. The images obtained by TEM are shown in the Figure II.1.4.2. 
Fe/monoAm in H2O
50 nm1.4 ± 0.4 nm
Fe/monoAm in Anisole
50 nm1.4 ± 0.4 nm
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Figure II.1II.1.4.2: TEM images of the Fe/monoAm/monoAc system in different 
solvents. 
The observed particles were spherical instead of cubes. Both size and size dispersion 
values are similar to those noted for the Fe/monoAm system (1.4 nm ± 0.4 nm). This 
suggests simple amine contribution to the synthesis. The monoAc oligomer shows low 
solubility in mesythylene (solvent used to perform the synthesis). However, acid 
participation cannot be ruled out and further characterization is required. 
II.2 Crystalline structure 
WAXS is a characterization technique suitable for materials with low repetition of crystal 
motif. In accordance to that, due to the small average metallic particle size obtained by 
TEM the crystalline structure need to be investigated by WAXS. These measurements 
were performed in collaboration with Pierre Lecante at Centre d’Elaboration des 
Matériaux et d’Etudes Structurales (CEMES; Toulouse). High peak contribution from the 
oligomer alone is observed and suggests some crystallinity of the stabilizer alone. 
Mathematical treatment is necessary in to remove this contribution and locate the metal 
peak pattern. This modification has been achievable for the Ru/bisAm, 
Pd/monoAm/monoAc and Pt/monoAm/monoAc systems. 
Fe/monoAm/monoAc in H2O
100 nm1.3 ± 0.3 nm
Fe/monoAm/monoAc in Anisole
100 nm1.4 ± 0.4 nm
Fe/monoAm/monoAc in Toluene
100 nm1.2 ± 0.3 nm
Fe/monoAm/monoAc in 
Mesythylene
100 nm1.2 ± 0.4 nm
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II.2.1 Ruthenium NPs 
In order to study the chemical stability of Ru metallic nanoparticles against oxidation, two 
different Ru/bisAm samples were prepared: one under argon and another open to 
atmospheric conditions. Comparison of the results obtained with these samples to a 
standard metallic ruthenium pattern (Ru hcp) is shown in Figure II.2.1.1. 
 
Figure II.2.1.1: Ru/bisAm WAXS analysis. 
The experimental data related to the Ru/bisAm system exposed to air (green line, 
Ru/bisAm Ox) and Ru/bisAm protected from air (red line, labeled as Ru/bisAm Ar) show 
similar profile after removal of the oligomer contribution. However, comparison of the 
experimental profiles to that of metallic ruthenium (hexagonal packing, blue peaks and 
labeled Ru hcp), led to unclear structure confirmation. A Fourier transform is necessary to 
confirm the production of metallic NPs. Both Ru air-exposed (green line) and Ru air 
protected (red line) samples show similar Fourier transform and similar crystalline 
structure (Figure II.2.1.2).  
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Figure II.2.1.2: Fourier transform of WAXS analysis of the Ru/bisAm Ar and Ru/bisAm 
Ox systems. 
When the transformation of the Ru/bisAm Ar (air protected) system is compared to that of 
metallic ruthenium, good coherence is observed (Figure II.2.1.3). 
 
Figure II.2.1.3: Fourier transform of WAXS analysis of the Ru/bisAm Ar system 
compared to the metallic Ru standard. 
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The Fourier transform of the diffractogram of Ru/bisAm nanoparticles is shown by the red 
line while the metallic ruthenium standard is shown by the green line. It can be concluded 
that both particle systems (exposed to air and protected) present Ru hcp phase with a 
coherence length of around 2 nm. 
II.2.2 Palladium NPs 
This sample contains a mixture of the monoAc/monoAm stabilizers instead of bisAm. The 
structural analysis in the case of palladium particles was easier compared to that carried 
out with ruthenium nanoparticles due to the lower oligomer contribution at small angles. 
Once the oligomer contribution was removed, the obtained profile was compared to the 
metallic palladium pattern. Good peak correspondence is observed and this confirms the 
formation of metallic palladium nanoparticles. FigureII.2.2 II.2.2.1 shows the 
mathematically treated experimental data related to the Pd/monoAm/monoAc system 
(red line) compared to the metallic pattern (green peak pattern, Pd cfc pattern). 
 
Figure II.2.2.1: WAXS analysis of the Pd/monoAm/monoAc system. 
According to FigureII.2.2 II.2.2.1, Pd metallic nanoparticles are obtained with length 
around 4 nm (FigureII.2.2 II.2.2.2).  
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Figure II.2.2.2: Fourier transform of WAXS analysis of the Pd/monoAm/monoAc 
system compared to the Pd metallic standard. 
The coherence length is half than that found by TEM (1.7 nm ± 0.6 nm). 
II.2.3 Platinum NPs 
As observed with Pd NPS, the oligomer contribution is easily removed from the 
experimental data for the Pt/monoAm/monoAc systems. When the corrected data are 
compared to the platinum metallic pattern, good peak assignment is easily achievable. 
Figure II.2.3.1 presents the corrected nanoparticle data (red line, Pd/monoAm/monoAc) 
compared to the metallic standard (green peak pattern, Pt cfc pattern). 
 
Figure II.2.3.1: WAXS analysis of the Pt/monoAm/monoAc system. 
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The presence of metallic Pt nanoparticles is evidenced. Fourier transformation led to a 
coherence length of 2.5 nm for the monocrystalline particles (Figure II.2.3.2) 
 
Figure II.2.3.2: Fourier transform of WAXS analysis of the Pt/monoAm/monoAc system 
compared to Pt standard. 
II.3 Solubility tests 
Three ruthenium based particle systems have been synthesized and isolated as powders: 
Ru/bisAm, Ru/monoAm and Ru/monoAm/monoAc. All exhibit colloidal dispersion in THF, 
water, anisole and toluene. In contrast, these particles are not soluble in pentane 
(purification by precipitation using pentane). The samples are easily dispersed to yield 
stable translucent solutions except in the case of the Ru/bisAm system. In this case, 
sonication for 30 minutes is required to facilitate powder dispersion. Undesirably, 
subsequent rapid solid precipitation is observed after 30 minutes.  
Concerning Pd and Pt NPs, these systems were easily dispersed in THF, water, anisole 
and toluene after sonication for 5 minutes. The obtained samples gave very stable 
colloidal solutions over time (at least one month at ambient temperature).  
Iron nanoparticles are known to undergo rapid oxidation when they are exposed to 
atmospheric conditions. Black translucent Colloidal solutions of such NPs were prepared 
in THF, anisole or toluene under wet atmosphere conditions. However, exposure of the 
samples to air (outside of the glove-box) led to a rapid color change of the solution to 
orange and subsequently, an orange precipitate after 30 minutes. Similar observation 
was immediately noted after dispersion of Fe nanoparticles in water, suggesting also 
particle oxidation. It can be concluded that, although Fe NPs stabilized by PEG derived 
oligomers can be dispersed in water; the resulting colloidal solutions are not chemically 
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stable under atmospheric conditions. As previous commented upon this behavior is well 
documented for Fe NPs. 
All colloidal solutions were stable for at least one month (no precipitation is observed). It 
should be noted that the stability of the colloidal solutions did not varied with particle 
powder concentration (0.5 mg in 3 mL vs. 3 mg/mL) and in addition, particle oxidation 
was not observed (obtaining of black solutions).  
II.4 DLS characterization 
Those cases in which the morphology of the obtained metallic nanoparticles is spherical 
and, the produced aqueous colloidal solutions are stable over time, were measured by 
DLS. The hydrodynamic diameter of the Ru/monoAm and Pd monoAm/monoAc 
nanoparticles in water is shown in Table III.4II.4.  
Water solutions Size (nm) 
Ru/monoAm 14 
Pd/monoAm/monoAc 55 
TableII.4 III.4: Hydrodynamic diameter of metallic particles in water. 
The values obtained (14 nm for Ru and 55 nm for Pd) are much higher than the average 
nanoparticle size obtained from TEM images. By TEM well dispersed individual particles 
were found. Larger system size in water can be explained by hydratation of the PEG 
chains leading to swollen oligomer structures. In any case, the measured solutions keep 
were stable for at least one month (same measured values). 
II.5 NMR characterization 
The stabilizing mechanism in water was investigated by NMR spectroscopy for some 
metallic particles that have been discussed throughout this Chapter. In particular, the 
Ru/monoAm, Pd/monoAm/monoAc and Pt/monoAm/monoAc systems were investigated. 
Fe nanoparticles cannot be investigated by NMR due to their magnetic properties. 
Figure II.5.1 shows 1H NMR spectrum obtained with the Ru/monoAm system (second 
spectrum, Ru nanoparticles + 1 eq PEG-NH2) and also those of the oligomer alone (third 
spectrum, PEG-NH2) and the ZnO/monoAm system (first spectrum; ZnO nanoparticles + 1 
eq monoNH2). As already discussed in Chapter III, the latter indicates a weak amine 
interaction at the particle surface. 
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Figure II.5.1: 
1
H NMR comparison of the Ru/monoAm and ZnO/monoAm systems and 
MonoAm alone, at pH ≈ 12 in D2O. 
Figure III.5.1 shows an enlargement of the peaks assigned to the α CH2 (δ ≈3.1 ppm) and β 
CH2 (δ ≈ 3.46 ppm) close to the amine functionality. When weak amine interactions at 
the particle surface are present, these resonances broaden and are shifted toward lower 
fields (case of the ZnO/monoAm system). The stronger the surface interaction the 
broader the resonance becomes until it becomes indistinguishable from the baseline. In 
the case of the Ru/monoAm, the resonances assigned to the α and β CH2 groups can no 
longer be observed and it is postulated strong amine interactions lead to high colloidal 
stability. 
Similarly to the ruthenium system, analogous 1H spectra obtained with Pt and Pd NPs 
with pure PEG mixtures allow for the same conclusions (Figure II.5.2). The first spectrum 
corresponds to the Pd/monoAm/monoAc system (Pd nanoparticles PEG-NH2/PEG-COOH 
1/0.5), the second relates to the Pt/monoAm/monoAc system (Pt nanoparticles PEG-
NH2/PEG-COOH 1/0.5) and the third corresponds to the oligomer mixture alone (PEG-
NH2/PEG-COOH 1/0.5). 
αβ
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Figure II.5.2: 
1
H comparison between Pd and Pt NPs and the oligomer mixture 
MonoAm/monoAc in the absence of NPs, at pH ≈ 12 in D2O. 
Unfortunately all the resonances assigned to the monoAc oligomer are located in the 
same spectral region as those of the oxyethylene chains of both oligomers (δ ≈ 3.59 
ppm). In contrast, the α and β protons close the amine functionality of the monoAm 
oligomer are observed. When nanoparticles are present; the α CH2 (δ ≈3.1 ppm) and β 
CH2 (δ ≈ 3.46 ppm) resonances broaden to such extent that (as observed with Ru NP 
systems) they cannot be observed. This is due to strong interaction of the amine 
functionality at the nanoparticle surface. However, the monoAc oligomer is required to 
stabilize these particles during the synthesis as evidenced by the fact that the synthesis 
of Pt or Pd nanoparticles using only PEG-amine oligomers (either monoAm or monoAc 
alone) led to formation of precipitates. However, no further information can be obtained 
by this technique. 
DOSY experiments were performed to determine the diffusion coefficient of the oligomers 
alone and in the presence of NPs. Changes in the diffusion coefficient can indicate the 
strength of the interaction of the stabilizers at the nanoparticle surface. The pH was 
controlled by addition of 5 mg of K2CO3 and medium changes such as viscosity or ionic 
strength were corrected using 2 mg of N(CH3)4Cl. Figure II.5.3 shows the 2D DOSY 
spectra obtained with Ru and Pd NPs compared to the stabilizers in the absence of NPs. 
αβ
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Figure II.5.3: DOSY spectra for Ru/monoAm compared to monoAm alone and 
Pd/monoAm/monoAc compared to monoAm/monoAc mixture alone, at pH ≈ 12 in D2O. 
The diffusion coefficients of each species were calculated. For monoAc the value 
obtained was 1.0 10-10 m2.s-1 whilst for monoAm the value was 2.2 10-10 m2.s-1. The 
same values are obtained when measuring the diffusion coefficients with the 
monoAm/monoAc stabilizing mixture. 
Figure II.5.3 indicates that the diffusion pattern of the monoAm oligomer is not affected 
by the presence of Ru NPs (left plot). As a result the same diffusion coefficient is obtained 
in absence and presence of nanoparticles. Strong amine interactions were evidenced by 
1H NMR. However, these interactions do not imply a change in the diffusion properties of 
the oligomer. This is potentially due to large oligomer objects in solution. Analogous 
behavior is observed with of Pt NPs, no changes in the diffusion coefficients of the 
monoAm and monoAc oligomers in presence or absence of particles. 
With Pd/monoAm/monoAc NPs, slower diffusion was observed for the monoAm oligomer 
when nanoparticles are present (right plot). The diffusion coefficient value of monoAm 
species is reduced from 2.2 10-10 m2.s-1 (free oligomer, black) to 1.5 10-10 m2.s-1 (particle 
presence; red color) indicating strong amine interactions at Pd surface. 
II.6 Conclusions 
Water soluble Ru, Pd, Pt and Fe nanoparticles have been obtained using the direct 
synthesis procedure. Fe particles were found to be very sensitive to oxidation leading to 
precipitation of an orange solid. The other metallic NPs are stable even under 
atmospheric conditions. Use of PEG oligomers containing an amine functionality 
enhanced colloidal stability in water in comparison to the Ru/bisAm system. Highly stable 
aqueous colloidal solutions are observed using mono functional PEG. Finally, study of 
these systems by NMR spectroscopy indicates strong amine coordination at the particle 
surface. Further analyses are required to further understand the stabilizing mechanism. 
Ru/monoAm
monoAm oligomer
monoAm/monoAc
Pd/monoAm/monoAc
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III. Metal oxide nanoparticles 
Metal oxides are very attractive functional materials for the synthesis on the nanoscale 
due to the large variety of properties materials of this type display. These include metallic, 
insulating, semiconducting and ferro-, ferri-, or antiferromagnetic behaviors. Some oxides 
possess ferroelectric or piezoelectric properties; others are superconducting or exhibit 
colossal magnetoresistance. In addition to catalysis,21 metal oxides represent an 
important class of compound for essential constituent technological applications such as 
magnetic storage,22-24 gas sensing,25-26 and energy conversion27 to name only a few.  
Physical and chemical methods are well established synthesis of ZnO and other metal 
oxide NPs. In contrast to physical methods, a chemical approach involving the 
decomposition of an organometallic precursor is an advantageous alternative. The latter 
strategy yields NPs in a more controlled fashion in terms of particle size and size 
distribution. Similar organometallic procedures to the one described for ZnO NPs can be 
applied for other metal oxide NPs. For example, controlled hydrolysis and subsequent 
oxidation of {Fe[N(SiMe3)2]2} in the presence of an amine leads to maghemite particles.29 
In addition, hydrolysis by controlled introduction of water (moisture) to the same 
precursor leads to pure wüstite phase.30 Extension of the organometallic methodology 
leads to mixed-metal oxide NPs via the direct reaction of a mixture of {Fe[N(SiMe3)2]2} 
and {Co[N(SiMe3)2]2} with moisture.31 These examples highlight the versatility of the 
organometallic approach. However, all the examples described utilize long-alkyl chain 
stabilizers. The hydrophobic chains of the stabilizer are located at the outer shell of the 
particle/stabilizer system dictating dipersability in organic solvents but not in water. As a 
result, the direct synthesis approach (as introduced in this Thesis) was used to obtain 
metal oxide nanoparticles dispersible in a wide range of solvent (polar and non polar), 
including water.  
Sn, In, Co or Fe based organometallic precursors were employed to perform nanoparticle 
synthesis in the presence of the bisAm oligomer. Mixed oxide structures are synthesized 
using similar stabilizer for precursor mixtures in the right stoichiometry (In/Sn and Fe/Co). 
III.1 TEM and HRTEM 
As observed for the synthesis of ZnO NPs, the reaction using different metallic precursors 
also rendered powders (see Experimental Section). These powders have shown to be 
dispersible in water after sonication for 30 minutes. Precipitation is observed after 3 
hours. The precipitate can be re-dispersed using sonication. However, these results 
suggest low colloidal stability. Translucent solutions were used to prepare grids to be 
observed either by TEM or HRTEM. Figure III.1.1 shows TEM images from those samples. 
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Figure III.1.1: TEM images from semiconductor oxide NPs stabilized by the bisAm 
oligomer. 
The nature of the organic oligomer coating, aggregates formation or simply bad material 
contrast are postulated to explain the poor resolution of the images obtained of the NPs 
resulting from all synthesis. However, an illustrative particle size counting has been 
performed. For tin oxide and indium/tin oxide very small particles are obtained (around 2 
nm) while lager particles are observed for indium oxide (around 7 nm). 
Samples synthesized using iron and cobalt precursors allow preparation of aqueous 
colloidal orange-translucent solutions. When these mixtures are observed by TEM, no 
clear particles were visible. HRTEM measurements were necessary to establish the 
average particle size and the morphology (Figure III.1.2). 
100 nm7  2 nm 200nm2.1  0.6 nm
100 nm2.2  0.7 nm
Indium oxide/bisAm in water Tin oxide/bisAm in water
Indium/Tin oxide/bisAm in water
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Figure III.1.2: HRTEM images from metal oxide NPs stabilized by the bisAm oligomer. 
The contrast of images is not very strong. However, very small (≈ 2 nm) spherical and 
individually dispersed particles are observed. 
III.2 Crystalline structure 
WAXS analyses were performed in order to investigate the crystalline structure exhibited 
by each oxide. These measurements were performed by Pierre Lecante at Centre 
d’Elaboration des Matériaux et d’Etudes Structurales (CEMES; Toulouse). 
Disadvantageously, some peaks related to the oligomer were noted at small angles. 
Figure III.2.1 illustrated oligomer contribution. 
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Figure III.2.1: WAXS diffractogram of bisAm and Indium/Tin oxide/ bisAm. 
The red line in Figure III.2.1 is assigned to the experimental data obtained for the oxide 
sample while the green line corresponds to the free oligomer. Peak diffraction pattern for 
bisAm suggests oligomer crystalline organization as a solid. The contribution of PEG 
species to the sample containing nanoparticles needs to be mathematically removed 
before peak attribution. These studies are in progress for the whole series of metal oxide 
nanoparticles, up to now no assignment of crystalline structure can be made. However, 
some conclusions can be made when performing a Fourier transform of the experimental 
data (Figure III.2.2). 
 
Figure III.2.2: Fourier transform of the WAXS diffractogram of the Indium/Tin 
oxide/bisAm system. 
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A very low coherence length is obtained, which is in agreement with small size of the NPs 
(around 1 nm). This result is in agreement within the small size observed by TEM (around 
2 nm). 
One potential crystalline structure can be suggested for the tin oxide/bisAm system. 
Figure III.2.3 shows the observed standard pattern of SnO (green line) and SnO2 (blue 
line) pure components compared to the experimental data obtained for the 
nanoparticles. 
 
Figure III.2.3: WAXS diffractiogram of bisAm and Tin/Indium oxide/bisAm. 
The experimental data seems to be close to these related to SnO, even if the other 
structure cannot be completely ruled out. The coherent length calculated from the Fourier 
transform (not shown, see Supporting Information) of these particles is small (around 2 
nm). 
III.3 Conclusions 
Preliminary results from TEM, HRTEM and WAXS analyses have been obtained for a 
variety of other metal oxide and mixed metal oxide nanoparticles stabilized by the bisAm 
oligomer. Data is consistant with the formation of small nanoparticles that are water-
dispersible (low colloidal stability). It is postulated that NPs of these types stabilized by 
other Peg derived oligomer (monoAm) could exhibit enhanced colloidal stability. This is 
however beyond the scope of the work carried out as part of this Thesis. 
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IV. Chapter conclusions 
Application of PEG derived oligomers as stabilizers for the synthesis of metal oxide and 
metallic nanoparticles via an organometallic approach have shown to be a promising way 
to achieve multi-solvent soluble systems. It is especially noteworthy that the dispersion of 
the resulting systems in water is achieved.  
The procedures used and characterization methods here described have been performed 
with the purpose of patenting. Further investigation of these systems would be 
recommended in order to improve the scope of applicable materials as well as to achieve 
new applications. 
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Conclusions: 
One of the main drawbacks of the organometallic method for ZnO NPs was the lack of 
solubility of the obtained systems in polar solvents, especially in water. This dissertation 
has versed about procedures that render water dispersible ZnO NPs synthesized by an 
organometallic approach. Strategies already reported in the literature such as ligand 
exchange and formation of double layers were considered. Additionally, the role of the 
stabilizing agent during the synthesis of the particles was highlighted by introducing the 
“direct synthesis” approach, which is almost previously unexplored. The nanoparticle 
aqueous colloidal solutions were physico-chemically characterized in order to understand 
the origin of the optical properties of ZnO NPs as well as the stabilizing mechanism giving 
rise to their dispersion in water. 
In Chapter I, double layer formation by addition of a surfactant has been proposed as 
explanation for the transfer of ZnO NPs stabilized by octylamine from an organic solvent 
to water. These systems exhibited similar particle size and optical properties in both 
solvents. In addition, stability of the nanoparticles in water, for at least one month, was 
demonstrated. The obtained aqueous solutions are feasible candidates for applications 
requiring pH values between 6 and 13. 
The “direct synthesis” strategy was explored in Chapters II and III. Application of short 
chain PEG oligomers possesing terminal functionalities has led to high quality ZnO NPs (in 
terms of particle size and size distribution), soluble in both organic solvents and in water. 
In contrast to that discussed in Chapter I, no post-synthetic modifications are required to 
achieve water dispersion and this allowed the study of ZnO NPs optical properties as a 
function of the solvent medium. Finally, careful selection of the PEG-derived species 
allowed control of the morphology, optical properties and potential self-arranging of ZnO 
NPs. 
Chapter IV served to illustrate the potential generalization of the organometallic synthesis 
of metal oxide and metallic NPs to obtain water dispersible systems. The implementation 
of the “direct synthesis” approach (use of PEG oligomers as stabilizers) led to multi-
solvent dispersible (including water) metallic NPs (Ru, Pd, Pt and Fe) and metal oxide NPs 
(iron oxide, cobalt oxide, iron-cobalt oxide, tin oxide, indium oxide and tin-indium oxide). 
These systems were characterized, although not fully, and showed very promising results. 
